We present a detailed study of the mineralogical and chemical modifications of peridotite xenoliths during magma transport and cooling at the Earth's surface. The xenoliths are entrained in three small-volume (<1 km 3 ), monogenetic, Miocene-Oligocene, basanite domes in the Moesian Platform, north Bulgaria, arranged along a NNE-directed right-lateral strike-slip fault. The domes show symmetrically decreasing volumes of erupted magma correlated with the size and quantity of the entrained xenoliths, according to their position along the fault. The xenoliths exhibit different degrees of mineralogical and chemical interaction with their host rocks, with the extent of interaction strongly depending on their position in the dome. Xenoliths from the fine-grained brecciated carapaces of the domes show very thin, fine-grained, reaction rims around orthopyroxene and spinel, and thin diffusion zones around olivine, limited mostly to the rims of the xenoliths. Clinopyroxene shows almost no visible reaction and is always strongly depleted in light rare earth elements (LREE) and Sr. Melt pockets in the xenoliths are small, composed mostly of fine-grained olivine and clinopyroxene. Modelling of Fe-Mg zoning in olivine suggests a very short residence time of a few days in the magma during transport and fast cooling at the Earth's surface. In contrast, xenoliths from the interior of the domes, hosted in holocrystalline groundmass, are much more strongly affected by the host basanite magma. Their constituent minerals have wider reaction rims around orthopyroxene, sometimes leading to its entire consumption, and show transformation of spinel into chromite. Fe-Mg diffusion profiles in olivine are up to 400 lm wide and calculations indicate diffusion times up to 200 days, recording protracted cooling in the inner part of the dome. Melt pockets are much larger and coarser-grained, composed of minerals identical to the host groundmass. With few exceptions, clinopyroxene is sieve-textured and shows variable enrichment in LREE and Sr, ranging from several times higher than in the depleted xenoliths to complete equilibration with the host basanite. Strongly veined xenoliths show stronger chemical modifications, facilitated by infiltrated melt, which also progressively increase depending on the position of the xenoliths in the dome. The most enriched xenoliths from the core of the dome exhibit large inter-and intra-grain variations in Sr and LREE. Our study demonstrates that chemical and mineral modifications, although starting at the time of entrainment of the xenoliths at mantle depths, were completed mostly during their residence in the magma at the surface. The reaction phenomena are V C The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com
INTRODUCTION
Variations in the chemical composition of ultramafic xenoliths brought to the surface by alkaline magmas are usually thought to reflect chemical heterogeneity in the lithosphere. In many studies it is assumed that the effect of interaction between xenoliths and their host basalt is minimal, and thus bulk and cryptic metasomatism of the xenoliths is generally attributed to processes that occurred in the upper mantle, prior to their incorporation into the host magma. The major debate has therefore focused on the nature of the metasomatizing agents: CO 2 6 H 2 O fluid (Kempton, 1987; Ionov et al., 1994; Sun & Kerrick, 1995; Cvetkovi c et al., 2010) ; smallfraction melts either of alkaline (Zangana et al., 1999; Zhang et al., 2000; Raffone et al., 2009) or carbonatite composition enriched in volatile components (Meen, 1987; Schiano et al., 1994; Yaxley et al., 1998) ; deepseated silicate and carbonate fluids released by plumeor slab-derived melts (Dautria et al., 1992; Maury et al., 1992; Ionov et al., 1993; Schiano et al., 1994; Zangana et al., 1997; Blatter & Carmichael, 1998; Gré goire et al., 2000) ; or combinations of silicate melt infiltration and diffusion processes (Menzies et al., 1985; Wilshire, 1987) . However, other studies (e.g. Wulff-Pedersen et al., 1996 Shaw & Edgar, 1997; Klü gel, 1998 Klü gel, , 2001a Schmidberger & Francis, 2001; Schmidberger et al., 2003; Shaw et al., 2006; Scambelluri et al., 2009; Miller et al., 2012; Wang et al., 2012) have shown that mantle xenoliths may react with their host melts, causing effects that are very similar to the supposed metasomatism occurring in the mantle. According to Klü gel (1998) , xenolith-host reaction may take place over years to decades in mantle reservoirs or during residence in a crustal magma chamber. Schmidberger et al. (2003) and Scambelluri et al. (2009) suggested that chemical modification can start immediately before and/or during xenolith entrainment in host kimberlites or alkali basalts. Experimental work by Shaw & Dingwell (2008) at 1 atm demonstrated the possibility of textural modifications of xenoliths at near-surface conditions; however, they concluded that most changes occur during xenolith transport. To date, no detailed study has been made on the natural modification of mantle xenoliths close to or at the Earth's surface. The most appropriate objects for such a study would be xenoliths in large magmatic bodies with different rates of cooling (e.g. thick lava flows, sills, domes or dikes). The rationale of collecting samples from both the quickly cooled outer part and the slowly crystallized interior of such bodies is that it may allow us to distinguish between transformation of xenoliths during transport and reactions during nearsurface cooling.
Several small-volume (<1 km 3 ) monogenetic Miocene-Oligocene basanitic domes in the Moesian Platform in north Bulgaria carry abundant peridotite xenoliths (Georgiev, 1973; Saltikovski & Genshaft, 1985; Marchev et al., 1992; Vaselli et al., 1997) . The largest domes are Kamuka, Chatala and Vurha. Abandoned quarries in Kamuka and Chatala expose different structural parts of the domes, providing a unique opportunity to study the modification of xenoliths at different time scales of xenolith-magma interaction. Preliminary whole-rock chemistry and isotopic compositions for xenoliths from the Chatala and Kamuka domes were reported by Vaselli et al. (1997) , and brief descriptions of the surface modification of these xenoliths were given by Marchev et al. (2010) . Here, we provide detailed results from the study of the reaction phenomena, in addition to trace element modification of clinopyroxenes from these small-scale bodies and compare them with similar processes in a large-volume system in La Palma, Canary Islands. Our study shows that the degree of textural modification increases from the outer carapace to the dome interior, thus providing for the first time compelling evidence that such reactions occur close to the surface, provided that the size of the magmatic body is sufficiently large. less than 1 km 3 , they are a typical example of smallscale basaltic volcanism. Ten of the domes and dykes are located in the Moesian Platform arranged from north to south along two en echelon faults. The K/Ar ages of the bodies range from 24 to 19 Ma (Marchev et al., 1992; Yanev et al., 1993) . Xenolith occurrences, which are the focus of this study (Kamuka, Chatala and Vurha) , are located along the southern fault (Fig. 1) . Along the fault, magmatic bodies show symmetrical variation in body forms, volumes and the chemistry of the erupted magma as well as the quantity and size of the entrained xenoliths. The largest dome, Kamuka, which carries the largest and most numerous xenoliths, is situated in the middle of the fault. Smaller domes, Chatala and Vurha, have fewer and smaller xenoliths and are located north and south of Kamuka, respectively. Both ends of the fault accommodate thin dykes, which have no xenoliths. Chemical variations of the basanites are reflected in a small increase of incompatible elements from the central domes toward the dykes (Marchev et al., in preparation) . All of these features support a model wherein magmatism was a passive result of regional tectonic strain, with spatial variations reflecting the extent of partial melting of similar mantle sources.
The Kamuka dome is 2000 m in diameter and 170 m high, with an approximate volume of exposed lava of c. 0Á25 km 3 . Chatala is 500 m Â 600 m in size and 80-100 m high with a total volume of lava of c. 0Á04 km 3 . Both display typical dome structures with a brecciated outermost carapace consisting of blocks of lava, followed by an inner columnar jointed part and finally a platy or massive core. The Vurha dome crops out only in a small quarry situated on the top of the dome and thus no information about its size can be provided.
We have focused our attention on the Chatala and Kamuka domes because of the large abundance of xenoliths and good exposures, which reveal the entire range of textural variations in the dome. Thirty-nine xenoliths were analyzed for their mineral composition. A smaller number (25) from different textural parts of the two domes were selected for detailed mineralogical and trace element studies. Only one sample from Vurha with large fresh glass pockets was included in the study. Samples from Chatala, Kamuka and Vurha are abbreviated hereafter as CH, KA and VH, respectively.
ANALYTICAL METHODS
The major and trace element compositions of the bulkrock xenoliths were analysed by X-ray fluorescence, using a Philips PW 1400 XRF spectrometer at the Department of Geology, University of Edinburgh, on glass discs and pressed pellets, respectively.
Major elements in minerals and glasses were analysed using a JEOL 870 Superprobe at the University of Florence and a JEOL 8800R at the Center for Cooperative Research of Kanazawa University. For minerals a 15 keV accelerating potential, 10 nA beam current and 1 lm beam diameter were used in Florence and 20 kV accelerating voltage, 20 nA probe current and 3 lm probe diameter in Kanazawa. A defocused (5 lm diameter) beam was used for glass analyses. Natural and synthetic minerals were used as standards. Most reported analyses of minerals are the average of at least two separate points. Traverses across olivine in the xenoliths in contact with the host basanite or veins were made using an automated mode microprobe at Kanazawa University. A spacing between analyses of 1-10 lm was used depending on the length of the profile. For these analyses analytical conditions were 15 keV accelerating potential, 20 nA beam current and 1 lm beam diameter.
Concentrations of trace elements in the clinopyroxene and glass were determined on polished thin sections by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) in three laboratories as follows: (1) Kanazawa University, using GeoLas QPlus, MicroLas coupled to an ICP-MS system (Agilent 7500s, Yokogawa Analytical Systems); (2) CNR Pavia using a Q-switched Nd:YAG laser source model Brilliant (Quantel) coupled to an ICP-HRMS, model Element I (Thermo-Fisher Mat); (3) Geological Institute of the Bulgarian Academy of Science (GI BAS), Sofia, using a New Wave UP193FX laser ablation system coupled to an ICP-MS Perkin Elmer ELAN DRC-e system). The laser spot diameter was 60 lm at Kanazawa, 50-35 lm at GI BAS and 40 lm in Pavia. The energy of laser ablation was 5 Hz and 8 J cm -2 , 10 Hz and 10 J cm -2 and 10 Hz and 7 J cm -2 , respectively. The NIST SRM 612 and NIST SRM 610 standard glasses were used for calibration with Si and Ca as internal standards. Details of the analytical procedures in Kanazawa have been given by Ishida et al. (2004) and Morishita et al. (2005) , whereas those of Pavia have been reported by Miller et al. (2007) . Closely spaced points in a few samples were analysed in all three laboratories for comparison. The data are in good agreement, with the exception of lower values for Cr in olivine and higher values for Gd and Tm in clinopyroxenes analysed in Pavia. A small number of minerals and glasses were analysed to determine their trace element content on polished, gold-coated thin sections by secondary ion mass spectrometry (SIMS) at IGG-CNR, Pavia. Analysis was done using a Cameca IMS 4f system, with a 16 O -primary beam focused on the target surface to form a spot of $15 lm in diameter. The beam current was 10 nA and an energy filtering technique was used to eliminate molecular interference and reduce matrix effects. Secondary positive ion currents were measured at relevant masses for trace element determinations; 30 Si þ was used as internal standard. All of the data were corrected for isotopic abundances. The results were put on a quantitative basis using empirical calibration curves based on well-characterized standards (silicates and glasses). Precision and accuracy were better than 610% at ppm concentration level. Further analytical details have been reported by Bottazzi et al. (1994) .
TEXTURAL AND PETROGRAPHIC VARIATIONS IN THE HOST BASANITES
Bulk-rock analyses of the host basanites (Table 1) show that they are mafic and silica-undersaturated, with Mg#s [100MgO/(MgO þ FeO tot )] ranging from 60Á9 to 67Á8, with 6Á5-13Á9% normative Ne. Their trace element patterns and isotopic signatures (Marchev et al., 1992 (Marchev et al., , 2008 are similar to those for alkaline basalts from the Cenozoic Circum-Mediterranean anorogenic igneous province (Wilson & Downes, 2006; Lustrino & Wilson, 2007) . The phenocryst composition and, in particular, the groundmass textures of the host basanites are described in detail below. The textural and chemical modifications of xenoliths that occur during cooling of the host basanite magma at the Earth's surface are the main focus of this study.
From the brecciated outermost carapace, through the columnar jointed region, to the massive central structure of the domes, the host basanites show a gradual change in their groundmass texture. Based on the size of the groundmass minerals and the composition of the phenocrysts, we recognize three textural types of groundmass: (1) fine-grained (Fig. 2a) , typical of the outermost brecciated and thin columnar jointed parts of the domes; (2) medium-grained (Fig. 2b) , in the region with large columnar joints; (3) holocrystalline (Fig. 2c) , in the massive interior. Fine-grained groundmass, medium-grained groundmass and holocrystalline groundmass will be referred from hereafter to as FGG, MGG and HCG, respectively. FGG is composed of finegrained (<100 lm) microlites of clinopyroxene, olivine, plagioclase, Fe-Ti oxides and very rare Ti-phlogopite in a glassy or nepheline-analcite-K-Na feldspar mesostasis. In the MGG and HCG, microlites and interstitial phases increase in size, reaching phenocryst size (>250-300 lm). As a rough measure of crystallinity, we used the size of plagioclase microlites: <100 lm in FGG, 100-200 lm in MGG and >200 lm in HCG (Fig. 2a-c) .
The only phenocryst present in the FGG basanites is olivine (up to 800 lm), very rarely accompanied by Tiaugite microphenocrysts. Olivine is normally zoned ranging from Fo 87 to Fo 68. Most of the crystals are skeletal with hopper textures (Fig. 2d) , suggesting relatively fast crystallization from an olivine-saturated melt (Donaldson, 1976 (Donaldson, , 1979 . In the interior of the domes, the size of olivine phenocrysts increases to 1200 lm, but their compositional variations are similar to those from the FGG ). Unlike the FGG, the olivine here is accompanied by an increase in the quantity and size of Ti-augite phenocrysts. Several olivines have a more forsteritic composition (Fo 90Á7-91Á6 ); however, their low CaO content (<0Á05 wt %) suggests that they are most probably derived from disintegrated peridotite xenoliths. Occasionally, corroded high-Mg-Cr and Na diopside xenocrysts with sieve-zones and Ti-augite rims are also present. Finely zoned Ti-augite phenocrysts and microlites (Mg# ¼ 81-69), plagioclase microphenocrysts and microlites (An 62-38 ), and iron oxide (Ti-magnetite and ilmenite) microphenocrysts are included in a mesostasis of K-Na feldspar, analcite and nepheline.
PETROGRAPHY AND CHEMISTRY OF THE XENOLITHS
Ultramafic xenoliths from Chatala and Kamuka are angular to rounded, usually 1-7 cm in diameter, rarely up to 10 cm. The larger ones are more typical for Kamuka. They comprise three main types in terms of their modal mineralogy: spinel lherzolite, harzburgite and dunite. Spinel lherzolites are the predominant lithology (25 samples), followed by harzburgites (seven samples) and dunites (five samples). Most harzburgites contain $2-3% diopside, with the most refractory harzburgites totally devoid of clinopyroxene. Some dunites contain small amounts of clinopyroxene and/or orthopyroxene and spinel.
Photomicrographs of representative textures of the xenoliths are shown in Fig. 3 . According to the classification schemes of Mercier & Nicolas (1975) and Harte (1977) , they are mostly protogranular and rarely porphyroclastic (e.g sample KA97-6), with some xenoliths showing transitional features (e.g. KA97-0). Protogranular rocks are coarse-grained with the grain size of silicate minerals >1Á5 mm. Grain boundaries vary from curvilinear to straight with common 120 triple junctions ( Fig. 3a) with clinopyroxene occupying the interstices between olivine and orthopyroxene. Spinel grains occur as isolated globular to anhedral crystals or typical vermicular forms, rarely exceeding 2 mm.
Dunites are usually coarser-grained with olivine crystals up to 2Á5 cm. Porphyroclastic rocks (Fig. 3b) show strained porphyroclasts of orthopyroxene and olivine (typically > 1 mm) surrounded by small polygonal neoblasts (0Á1 mm). Spinel appears in the characteristic holly-leaf form (Fig. 3c) . Foliation is well defined in some samples by the orientation of olivine kinkbanding and neoblasts and elongation of porphyroclasts (Fig. 3d ). Sample:  BZ8  CH36  CH60  KA03  KA40  VH97-2  DVDPa   SiO 2  42Á34  42Á64  42Á49  44Á83  44Á3  4 3 Á6  4 1 Á68  TiO 2  2Á83  2Á69  2Á55  2Á13  2Á1  1 Á85  4Á06  Al 2 O 3  12Á1  1 2 Á73  12Á4  1 2 Á93  12Á66  12Á29  12Á96  FeO t  11Á38  12Á96  12Á69  12Á44  12Á45  10Á59  11Á23  MnO  0Á19  0Á19  0Á18  0Á19  0Á19  0Á17  0Á18  MgO  11Á71  11Á32  11Á35  12Á37  12Á33  12Á49  12Á13  CaO  11Á23  10Á77  10Á95  9Á74  10Á25  11Á75  11Á32  Na 2 O  3 Á31  3Á41  3Á07  3Á46  2Á76  3Á23  3Á16  K 2 O  1 Á45  1Á26  1Á57  0Á96  0Á99  1Á13  1Á48  P 2 O 5  0Á87  0Á85  0Á81  0Á62  0Á6  0 Á76  0Á84  LOI  2Á59  0Á92  1Á98  0Á54  1Á32  0Á51  Total  100  99Á74  100Á04  100Á21  99Á95  99Á55 associated with a host, but their geochemical characteristics are similar to those hosted in more crystalline groundmass. All the xenoliths are spinel lherzolites, except for one dunite (sample CH5). MgO content shows a positive correlation with Ni and negative correlations with CaO, TiO 2 , V and Sc. The Kamuka xenoliths are generally more refractory than those from Chatala.
Major element composition of the primary xenolith phases
Microprobe analyses of the cores of olivine, orthopyroxene and spinel are given in Table 2 and of clinopyroxene in Table 3 .
The Fo contents of primary olivine in spinel lherzolites and harzburgites from Chatala and Kamuka are Opx  3  55Á60 0Á08  3Á90  0Á37  6Á41 0Á18 33Á12 0Á32  0Á06  100Á04 90Á2  Ol  2  40Á88 0Á02  0Á00  0Á00  9Á08 0Á15 50Á06 0Á04  0Á33 100Á56 90Á8  Sp  1  0Á05 0Á00 54Á84 12Á28 11Á56 0Á05 19Á96  0Á33  99Á07 75Á5 13Á1  CH44  Opx  2  56Á35 0Á02  3Á33  0Á35  6Á42 0Á21 34Á22 0Á29  0Á08 101Á81 90Á5  Ol  5  41Á61 0Á02  0Á02  0Á02  9Á61 0Á13 50Á06 0Á01  0Á33 103Á03 90Á3  Sp  1  0Á10 0Á10 53Á13 13Á14 12Á13 0Á04 19Á97  0Á30  98Á91 74Á6 14Á2  CH58  Opx  1  55Á63 0Á02  3Á84  0Á42  6Á30 0Á17 33Á67 0Á29  100Á96 90Á5  Ol  1  41Á30  9Á35 0Á15 49Á76 0Á02  0Á38 101Á95 90Á5  Sp  1  0Á04  53Á28 12Á78 12Á68 0Á05 19Á64  0Á29  98Á77 73Á4 1  41Á19 0Á01  0Á00  0Á00 10Á31 0Á25 49Á97 0Á00  0Á00  0Á36 100Á22 89Á6  CH09-11  Ol  2  41Á12 0Á00  0Á00  0Á02  9Á36 0Á18 50Á41 0Á03  0Á01  0Á38 101Á50 90Á6  Medium-grained groundmass  Lherzolite  CH99-3  Ol  1  40Á88  8Á95  49Á76  0Á29  99Á88 90Á7  KA6A  Opx  1  55Á77 0Á05  3Á23  0Á40  6Á06 0Á18 33Á73 0Á44  0Á10 101Á01 90Á8  Ol  1  41Á49  9Á45 0Á17 49Á53 0Á04  0Á33 103Á60 90Á3  Sp  1  0Á06 0Á14 51Á63 16Á56 12Á12 0Á01 19Á55 0Á00  0Á28 100Á35 74Á2 17Á7  KA8*  Opx  1  56Á67 0Á04  3Á26  0Á45  6Á03 0Á21 32Á44 0Á43  0Á00  99Á53 90Á6  Ol  2  41Á68 0Á00  0Á01  0Á02  9Á59 0Á15 49Á79 0Á05  0Á31 101Á57 90Á3  KA22  Opx  2  55Á85 0Á09  2Á98  0Á41  5Á94 0Á14 33Á68 0Á39  0Á09  99Á58 91Á0  Ol  8  41Á74 0Á00  0Á01  0Á00  9Á22 0Á13 50Á50 0Á04  0Á39  102Á03 90Á7  Sp  1  0Á12 0Á05 47Á93 20Á08 12Á50 0Á15 19Á10  0Á32 100Á25 73Á1 21Á9  KA30  Opx  2  56Á93 0Á07  2Á57  0Á44  6Á15 0Á13 33Á16 0Á38  0Á04  99Á85 90Á6  Ol  7  41Á09 0Á00  0Á00  0Á01  9Á32 0Á14 50Á94 0Á02  0Á37 101Á89 90Á7  Sp  1  0Á02 0Á16 43Á79 23Á97 12Á71 0Á06 18Á43  0Á34  99Á48 72Á1 26Á9  KA33  Opx  2  56Á60 0Á11  1Á53  0Á29  5Á28 0Á19 35Á36 0Á28  0Á10  99Á73 92Á3  Ol  1  40Á67  7Á98 0Á11 50Á50 0Á03  0Á34  99Á63 91Á9  Sp  2  0Á03 0Á28 34Á39 34Á75 13Á69 0Á20 17Á73 0Á00  0Á22 101Á31 69Á8 40Á4  KA39  Opx  1  55Á47 0Á03  3Á83  0Á48  6Á08 0Á15 33Á27 0Á67  0Á09 100Á07 90Á7  Ol  1  40Á77  9Á06 0Á16 50Á07 0Á07  0Á28 100Á41 90Á8  Sp  1  0Á10 0Á10 46Á00 21Á20 12Á10 0Á02 19Á15  0Á32  98Á99 73Á8 23Á6  KA7  Ol  19  41Á43 0Á00  0Á01  0Á00  9Á04 0Á13 50Á88 0Á06  0Á37 101Á93 90Á9  Sp  2  0Á05 0Á11 52Á97 15Á29 11Á40 0Á13 21Á07 0Á01  0Á38 101Á38 76Á7 16Á2  KA31  Opx  1  56Á48 0Á04  2Á52  0Á44  4Á99 0Á14 35Á32 0Á43  0Á07 100Á42 92Á7  Ol  8  41Á57 0Á00  0Á00  0Á02  8Á06 0Á12 50Á87 0Á04  0Á38 101Á05 91Á8  Sp  1  0Á06 0Á06 40Á25 30Á12 11Á22 0Á21 19Á17 0Á01  0Á23 101Á32 75Á3 33Á4  Harzburgite  KA97-6  Opx  2  56Á95 0Á04  2Á60  0Á26  6Á32 0Á14 34Á66 0Á30  0Á05  0Á00 101Á30 90Á7  Ol  3  41Á29 0Á00  0Á01  0Á04  9Á04 0Á15 50Á60 0Á07  0Á36 101Á56 90Á9  Sp  1  0Á03 0Á00 55Á72 12Á41 10Á03 0Á03 20Á63  0Á32  99Á17 78Á6 13Á0  Sp  1  48Á09 21Á75 11Á89 0Á00 17Á41  0Á29  99Á43 72Á3 23Á3  CH99-11  Opx  1  56Á94 0Á05  3Á39  0Á39  6Á26 0Á16 34Á48 0Á34  0Á00  102Á04 90Á8  Ol  2  41Á52 0Á00  0Á00  0Á03  8Á91 0Á16 50Á51 0Á03  0Á29 101Á45 91Á0  Sp  1  0Á00 0Á01 48Á69 21Á76 11Á60 0Á19 18Á75 0Á00  101Á00 74Á2 23Á1  CH09-2  Opx  1  57Á31 0Á05  3Á18  0Á37  5Á88 0Á12 34Á49 0Á23  0Á09 101Á72 91Á3  Ol  2  41Á81 0Á00  0Á02  0Á01  9Á35 0Á15 50Á74 0Á07  0Á25 102Á37 90Á6  Sp  4  0Á00 0Á05 52Á57 16Á23 11Á09 0Á16 20Á01 0Á01  0Á29 100Á10 76Á3 17Á2   (continued) rather uniform (90Á1-91Á9) with the most Mg-rich olivine being from spinel lherzolites KA97-0 and KA33. Olivine in the dunites typically shows small variations and forsteritic composition Fo ¼ 90Á5-91Á5. The NiO contents of olivine are 0Á28-0Á45 wt %, except for sample KA99-2 with 0Á10-0Á16 wt % NiO; CaO is in the range 0Á01-0Á07 wt %. Primary orthopyroxenes from the xenoliths in different groundmass textural types have similar and limited compositional range, Wo 0Á4-1Á6 En 88Á4-91Á5 Fs 7Á9-10Á6 , with Mg# varying between 90Á0 and 92Á7. Samples KA31 and KA33 have the highest Mg#. Al 2 O 3 contents vary from 1Á5 to 4Á2 wt %, with most values between 2Á5 and 3Á8 wt %, whereas Cr 2 O 3 contents are 0Á21-0Á48%. CaO in the orthopyroxene is generally < 0Á6 wt %.
Most cores of clinopyroxene are Cr-diopside, very rarely Cr-augite, with a compositional range Wo 44Á8-50Á9 En 45Á5-52Á1 Fs 3Á0-6Á2 and wide range of Mg# (90Á7-94Á5) and Cr 2 O 3 (0Á40-1Á7 wt %). Al 2 O 3 and Na 2 O are in the range 6Á3-3Á5 wt % and 1Á7-1Á0 wt %, respectively, with Opx  1  56Á51 0Á07  2Á65  0Á31  5Á96 0Á26 34Á60 0Á26  0Á08 100Á70 91Á2  Ol  1  41Á10 0Á00  0Á00  0Á00  8Á66 0Á16 50Á31 0Á01  0Á44 100Á68 91Á2  Sp  1  0Á06 0Á02 36Á44 30Á82 14Á57  17Á13  0Á17  99Á21 67Á7 36Á2  CH13  Opx  2  56Á67 0Á05  3Á07  0Á38  6Á04 0Á13 33Á25 0Á53  0Á11 100Á21 90Á8  Ol  5  41Á20 0Á01  0Á01  0Á01  9Á54 0Á12 50Á32 0Á04  0Á37 101Á61 90Á4  Sp  2  0Á08 0Á09 48Á23 18Á86 15Á03 0Á15 18Á05 0Á01  0Á03  0Á29 100Á79 68Á2 20Á8  CH15  Opx  2  56Á43 0Á03  3Á23  0Á21  6Á00 0Á14 32Á79 0Á50  0Á08  99Á39 
REACTION AND RE-EQUILIBRATION IN MINERALS
Most of the studied xenoliths have been infiltrated to various degrees by melts and vapour along networks of fractures and grain boundaries. They contain irregular veins and pockets of glass, usually containing microlites and microphenocrysts of olivine, clinopyroxene, feldspar, apatite, ilmenite, phlogopite, analcite and nepheline, with some former melt pockets having an entirely holocrystalline texture composed of these minerals. Trails of melt inclusions and sulfides are also typical of their constituent minerals. Low degrees of partial melting of the xenoliths cannot be excluded, but the absence of former melts in the most solid xenoliths shows that this process was minimal. Minerals in contact with veins, melt pockets and host rocks show variable reaction phenomena and chemical zoning. Preliminary results on the mineralogical and chemical modifications of peridotite xenoliths during their cooling in the different structural parts of the domes were published by Marchev et al. (2010) . Below the reaction processes and their products are described in more detail.
Orthopyroxene reaction rims
Orthopyroxene in direct contact with the host basanite and veins has reaction rims (Fig. 4 ) similar to those observed in many peridotite xenoliths hosted in alkali basalts (e.g. Tracy, 1980; Kuo & Kirkpatrick, 1985; Arai & Abe, 1995; Shaw & Edgar, 1997; Klü gel, 2001a Klü gel, , 2001b Cvetkovi c et al., 2004; Su et al., 2012; Wang et al., 2012) and produced experimentally by Shaw et al. (1998) , Shaw (1999) and Shaw & Dingwell (2008) . The thickness of the rim and the size of its constituent minerals vary systematically from FGG-hosted xenoliths to HCGhosted ones. The orthopyroxene rim of FGG-hosted protogranular spinel lherzolites is very thin ($100-150 lm) and consists of fine-grained (<20 lm) olivine, clinopyroxene and rare Ti-magnetite (Fig. 4a ). More deformed and veined xenoliths from this zone (e.g. CH59; Fig. 4b ) show indented contacts between olivine and orthopyroxene with embayment of the orthopyroxene rims and penetration of the magma along orthopyroxene cracks or grain boundaries. Reaction zones of orthopyroxene in xenoliths from the MGG and HCG vary in size from 400 to 1100 lm and show a clear double zoned structure ( Fig. 4c ) with a fine to coarse texture outward from the orthopyroxene. A similar double reaction zone of orthopyroxene in contact with host basalts has been described in some xenoliths from La Palma, Canary Islands (Klü gel, 2001a) and Inner Mongolia, China (Wang et al., 2012) . The inner zone (130-350 lm) is finer-grained and consists predominantly of olivine and clinopyroxene crystals (15-25 lm). The SEM image shows a banded arrangement of olivine and clinopyroxene (Fig. 4c) . The outer zone (250-700 lm) is coarsergrained with gradually increasing mineral size (up to 100 lm) towards the host rock. Glass is virtually absent and small amounts of Ti-phlogopite, Ti-magnetite, KNa feldspar and analcite occur with olivine and clinopyroxene. Mineral compositions of olivine and clinopyroxene vary across the rim (Table 4) . For example, Mg# in clinopyroxene decreases from 91Á6 to 84Á2 in the inner fine-grained zone and from 86Á5 to 75Á8 in the coarser-grained outer zone, and Al 2 O 3 and TiO 2 from inner-to outer-zone clinopyroxenes increase from 0Á45 to 8Á1 wt % and 0Á11 to 3Á93 wt %, respectively. The Fo content of olivine crystals from the inner finer-grained 
GM, groundmass; FGG, fine-grained groundmass; MGG, medium-grained groundmass; HCG, holocrystalline groundmass; NH, no host; c, core; r, rim.
zone decreases from 89 to 80 and in the coarser-grained outer zone from 85 to 75-70 (Fig. 4c ). It is noteworthy that zonation of the larger olivine and clinopyroxene in the outer zone is similar to that of the olivine and clinopyroxene of the rims of phenocrysts and groundmass microlites.
The reaction rims around orthopyroxene in the xenolith interiors and veins tend to be thinner ( Fig. 4d and e), but their structural variations with the groundmass texture are still obvious. Some xenoliths show a strongly invaded network of broad and narrow veins (e.g. sample CH99-11b; Fig. 4f ) and are characterized by partial or total replacement of orthopyroxene by an aggregate of olivine, clinopyroxene and phlogopite.
Spinel reactions
Reaction textures in spinel from FGG-hosted xenoliths occur as thin, black, sieved rims restricted to a distance of 1-2 mm from the contact of the xenoliths or crosscutting veinlets, with the interior of the unveined xenoliths being almost devoid of any reaction. Most spinel in MGG-and HCG-hosted xenoliths shows gradually increasing reaction, from remnants of brown chromian spinel in the middle of the largest crystals ( Fig. 5a ) to complete replacement by black sieved chromite ( Fig. 5b and c). Sieve-textured chromite is usually accompanied by olivine, clinopyroxene and occasionally fresh glass (e.g. Fig. 5c and d ). This spinel shows gradually increasing core to rim contents of Cr, Ti, and Fe and decreasing Al and Mg (Table 5) , which is reflected in their high Cr# (24Á5-85Á0). In unveined or rarely veined xenoliths (e.g. samples KA97-6, KA99-2 and CH33) only the smallest crystals have been converted to black chromite, whereas the large crystals show a very thin opaque rim or none at all. Spinel in direct contact with the host basanite ( Fig. 5e and f) exhibits a totally different trend.
From FGG to HCG it shows a gradual increase of FeO and TiO 2 and decrease of Al, Cr and Mg contents (e.g. Table 5 ; samples CH25, CH59, CH33, KA33 and KA99-1) reaching Ti-Cr-rich magnetite composition. Similar, but less pronounced enrichment of Ti and Fe is characteristic of the spinel in contact with pockets of the HCG (Table 5 ; samples CH33, CH5, C11 and CH13). 41Á52  41Á52  40Á01  43Á06  40Á51  38Á53  41Á70  39Á56  39Á22  41Á10  40Á01  39Á07  TiO 2  0Á02  0Á04  0Á04  0Á05  0Á04  0Á06  0Á00  0Á03  0Á05  0Á03  0Á00  0Á08  Al 2 O 3  0Á03  0Á20  0Á00  0Á37  0Á00  0Á03  0Á00  0Á00  0Á09  0Á02  0Á04  0Á07  Cr 2 O 3  0Á05  0Á09  0Á02  0Á20  0Á04  0Á04  0Á05  0Á00  0Á00  0Á03  0Á03  0Á02  FeO  10Á83  12Á36  18Á77  10Á41  14Á95  22Á01  10Á83  21Á47  22Á46  12Á87  18Á37 40Á49  40Á46  41Á42  40Á19  39Á75  38Á94  38Á09  40Á72  39Á54  38Á79  50Á23  54Á77  TiO 2  0Á00  0Á00  0Á00  0Á00  0Á00  0Á04  0Á06  0Á06  0Á03  0Á00  1Á44  0Á14  Al 2 O 3  0Á00  0Á00  0Á00  0Á00  0Á02  0Á08  0Á02  0Á05  0Á00  0Á09  3Á22  1Á41  Cr 2 O 3  0Á06  0Á00  0Á03  0Á13  0Á10  0Á03  0Á00  0Á04  0Á07  0Á02  0Á38  1Á56  FeO  11Á34  13Á58  11Á57  12Á94  14Á47  22Á36  27Á33  13Á10  18Á42  22Á67  5Á73  2Á91  MnO  0Á22  0Á25  0Á19  0Á19  0Á29  0Á39  0Á53  0Á27  0Á32  0Á38  0Á13  0Á15  MgO  48Á32  46Á35  48Á52  48Á04  46Á40  39Á34  35Á57  47Á34  42Á79  39Á28  16Á43  17Á74  CaO  0Á14  0Á15  0Á13  0Á09  0Á10  0Á28  0Á26  0Á16  0Á34  0Á35  21Á84  20Á96  Na 2 O  0Á43  1Á05  NiO  0Á16  0Á14  Total  100Á73  100Á93  101Á86  101Á58  101Á13  101Á46  101Á86  101Á74  101Á51  101Á58  99Á83 outermost innermost innermost outermost innermost innermost outermost inner outermost outermost innermost outermost
fgz, fine-grained zone; cgz, coarse-grained zone. Other abbreviations as in Table 3 .
Clinopyroxene reaction textures
None of the primary clinopyroxene in the FGG-hosted xenoliths in contact with the host magma or in the xenolith interior show reaction textures, except for 10-40 lm clear rims ( Fig. 6a ) with decreasing Al and Na and increasing Ca, Mg and Mg# (Tables 3 and 6 ), reflecting the onset of partial melting (Mysen & Boettcher, 1975; Hirose & Kawamoto, 1995) . In contrast, most clinopyroxenes in the MGG-hosted xenoliths and, particularly, in HCG-hosted ones show two types of reaction texture. The first type has sieved reaction zones at the crystal edges and along crystal fractures (Fig. 6b) . Sieved zones in the most reacted xenoliths (e.g. KA8*, KA97-2 and CH13) are up to 500-600 lm thick, leaving either small unreacted cores ( The second type of reaction is rarer and typically confined to clinopyroxene crystals in direct contact with the HCG host or with adjacent holocrystalline veins and melt pockets (Fig. 7) . It is represented by a thin ($100-150 lm) zone or patch ( Fig. 7d ) enclosed between overgrowths of brown Ti-Al augite compositionally similar to the host phenocrysts and microlites and the core of the crystals. The zones form either against non-sieved (e.g. samples KA99-2 and KA97-0; Fig. 7a and b) or sieve-zoned clinopyroxenes (e.g. KA1; Fig. 7c ) and their contacts with the core and the sieved zone is sharp, implying the later formation of the zones. The composition of the zones (Table 7) is very similar to the unreacted cores in terms of their low Al and Na, but differs in higher Ti and Fe contents, which are intermediate between the unreacted core and Ti-augite overgrowths. We describe them here as 'Ti-enriched zones'. Similar zones have been recently described by Wang et al. (2012) as reaction rims. Patches form in the xenolith interiors in the contact with coarse-crystallized former melt pockets (sample CH33; Fig. 7d ). Their contact with the core zone is sharp but irregular. They also have a high-Ti and high-Fe composition, with both elements decreasing towards the unreacted core of the crystal (Table 7) .
Trace element composition of clinopyroxene
Representative trace element abundances in clinopyroxene cores, rims and sieve zones from xenoliths in different hosts are listed in Table 6 and their primitive mantle (PM)-normalized patterns are illustrated in Figs 8 and 9. The most striking features of the clinopyroxenes are (1) they show large compositional variations, spanning those of most studied xenoliths in Europe (see Downes, 2001 ) and (2) their trace element abundances show clear relations with the groundmass texture of the host. Below we will discuss the composition of the cores, rims and sieve zones in each textural zone.
Trace element compositions of clinopyroxene cores in xenoliths from FGG
Trace element abundances in clinopyroxene cores in the FGG-hosted xenoliths show comparatively small variations. Their PM-normalized REE profiles (Fig. 8a ) 0Á06  0Á05  0Á35  0Á81  0Á07  1Á26  0Á08  0Á05  0Á09  0Á00  0Á05  0Á03  0Á00  0Á06  TiO 2  0Á11  0Á37  0Á38  0Á29  0Á54  2Á07  0Á39  0Á34  1Á11  0Á06  0Á10  0Á25  0Á11  0Á06  Al 2 O 3  37Á48  36Á91 45Á24  6Á97  44Á82  22Á35  28Á93  31Á13  38Á76  35Á96  35Á64  38Á96 39Á65 40Á25  Cr 2 O 3  30Á38  26Á18 22Á05 59Á76  21Á97  41Á43  40Á67  38Á91  26Á85  34Á61  35Á14  29Á97 30Á89 0Á11  0Á09  0Á15  0Á11  0Á03  0Á03  0Á12  0Á00  0Á00  0Á24  0Á49  1Á12  0Á07  0Á07  TiO 2  0Á70  1Á21  0Á15  0Á12  3Á74  0Á12  6Á75  1Á03  3Á57  5Á21  6Á37  4Á39 18Á26  21Á86  Al 2 O 3  41Á72  37Á40 44Á23  32Á96  30Á77  12Á01  23Á32 32Á29  29Á68  27Á62  16Á25 29Á74  4Á84  4Á29  Cr 2 O 3  25Á44  28Á68 22Á94  31Á95  25Á03  53Á78  24Á46 30Á65  21Á65  32Á90  20Á05 15Á53  9Á28  5Á00  FeO  16Á50  17Á56 12Á11  25Á63  26Á64  18Á36  34Á40 19Á95  32Á76  21Á04  48Á27 38Á79 60Á22  62Á41  MnO  0Á19  0Á19  0Á00  0Á43  0Á19  0Á00  0Á38  0Á00  0Á14  0Á27  0Á50  0Á30  0Á61  0Á62  MgO  16Á90  16Á33 19Á11  10Á41  14Á41  12Á20  11Á72 14Á77  12Á37  11Á57  7Á78  9Á75  5Á17  5Á71  CaO  0Á01  0Á02  0Á00  0Á00  0Á06  0Á06  0Á12  0Á00  0Á10  0Á00  0Á14  0Á04  0Á12  0Á03  NiO  0Á20  0Á20  0Á32  0Á21  0Á22  0Á15  0Á36  0Á20  0Á16  0Á04  0Á06  0Á15  0Á02  0Á07  Total  101Á78 101Á72 99Á01  101Á84  101Á08  96Á82  101Á64 98Á89 100Á43  98Á89  99Á92 99Á80 98Á60 100Á09  Cr#  29Á0  3 
Abbreviations as in Table 3. are characterized by severe light rare earth element (LREE) depletion and heavy REE (HREE) enrichment, with La in some samples (e.g. CH58) below detection limit and only samples CH59 and CH44 showing slight La enrichment relative to Ce. In PM-normalized trace element patterns (Fig. 8b ) the cores show remarkable depletion in large ion lithophile elements (LILE; Ba, U, Th and Sr) and high field strength elements (HFSE; Zr, Nb and Ti) and a positive anomaly in Pb, with most of these elements (e.g. Th, Ta, Nb, Hf) being below detection limits. All core analyses, except for CH09-8, show fairly low Ce/Tb N ratios (0Á01-0Á04), typical for peridotites that have undergone strong partial melting (Frey, 1984; McDonough & Frey, 1989 ). 
Trace element compositions of clinopyroxene cores in xenoliths from MGG
Clinopyroxene cores from the MGG-hosted xenoliths show large variations in LREE (La, Ce, Pr, Nd; Fig. 8c ) and LILE (Sr, Nb, Ba, Rb, Th, U) and to a lesser extent Sm, Y and HREE (Fig. 8d) . Harzburgite KA97-6 has the lowest LREE and Sr abundances, resembling those of the FGG-hosted clinopyroxenes. Most samples, however, have more enriched LREE and Sr contents, with spoon-shaped REE profiles with an increasing La-Ce-(Pr) inflection. In PM-normalized trace element patterns these variations are reflected in enrichment of the incompatible elements Th, U, Ba and Sr, reaching a maximum in KA6A and KA22. Some LA-ICP-MS analyses of enriched cores (e.g. CH99-3 and KA22) show some scatter, suggestive of compositional heterogeneity.
Trace element compositions of clinopyroxene cores in xenoliths from HCG Selected PM-normalized REE and trace element patterns of clinopyroxene cores from HCG xenoliths are shown in Fig. 8e and f, with additional data in Supplementary Data Appendix Fig. 2 . These clinopyroxenes exhibit the largest trace element compositional variations. A small group (CH11, CH33, CH99-12 and CH09-12) have crystals characterized by REE profiles similar to the clinopyroxenes in FGG, showing LREE depletion and HREE enrichment. The majority of the clinopyroxenes, however, show progressive enrichment of the LREE and changing REE profiles: (1) comparatively flat from LREE to HREE (e.g. KA7, KA-15 and CH99-12); (2) spoon-like (e.g. KA97-0, CH15 and CH11); (3) steeply decreasing from LREE to HREE (KA1, KA32 and KA97-2). On the PM-normalized trace element profiles these changes are accompanied by an increase of Sr, Th, U and Ba, whereas Nb, Pb, Zr and Ti show negative anomalies.
The large compositional variations in MGG and HCG are typical not only between xenoliths, but also between clinopyroxene crystals and even within a single crystal (Table 6 ). Crystals from xenoliths CH11 and CH99-3, located close to the host basanite, show higher concentrations of Sr, La, Ce, Rb, Ba and Pb compared Sm  0Á59  0Á52  0Á92  0Á75  0Á85  0Á66  0Á76  0Á55  0Á73  0Á40  0Á52  0Á62  0Á38  0Á59  Eu  0Á29  0Á28  0Á36  0Á43  0Á37  0Á25  0Á31  0Á27  0Á34  0Á30  0Á26  0Á30  0Á18  0Á21  Gd  1Á24  1Á24  1Á42  2Á60  1Á88  1Á50  1Á54  1Á09  1Á75  1Á42  1Á28  1Á40  1Á16  1Á08  Tb  0Á27  0Á26  0Á30  0Á34  0Á41  0Á38  0Á24  0Á29  0Á30  0Á25  0Á23  0Á22  Dy  2Á22  2Á08  2Á32  2Á61  2Á69  2Á67  2Á53  1Á98  2Á39  2Á64  2Á48  2Á84  1Á97  1Á58  Ho  0Á49  0Á47  0Á51  0Á61  0Á79  0Á61  0Á43  0Á58  0Á62  0Á68  0Á52  0Á43  Er  1Á52  1Á46  1Á40  1Á50  2Á18  1Á82  1Á72  1Á33  1Á52  1Á97  1Á83  1Á87  1Á30  1Á29  Tm  0Á23  0Á23  0Á26  0Á39  0Á33  0Á25  0Á21  0Á26  0Á28  0Á25  0Á22  0Á16  Yb  1Á57  1Á59  1Á55  1Á60  2Á24  1Á58  1Á51  1Á42  1Á63  1Á88  2Á15  1Á49  1Á41  1Á22  Lu  0Á21  0Á22  0Á29  0Á28  0Á22  0Á22  0Á19  0Á31  0Á30  0Á25  0Á20  0Á18  Hf  0Á17  0Á19  0Á61  0Á63  0Á30  0Á24  0Á21  0Á16  0Á19 
with those from the xenolith interior ( Fig. 8g and h ). Smaller crystals in CH99-12, similar to KA97-6 from MGG, also have higher REE and Sr concentrations. The most enriched samples (e.g. KA15, KA97-0 and KA97-2; Appendix Fig. 3 ), which are also the largest variations of Sr within a single crystal. Similar trace element variations of clinopyroxene from peridotite xenoliths were found by Ionov et al. (2002) , Schmidberger et al. (2003) and Malarkey et al. (2011) .
Trace element contents of clinopyroxene rims and sieve zones
Rims and sieved zones of clinopyroxenes generally exhibit higher concentrations of LREE and LILE (Sr, Rb, Ba, U, Th) compared with their cores. In the PMnormalized REE and trace element profiles this is reflected in the steeper La-Nd inflection and deepening of the Nb, Zr and Ti troughs, respectively (Fig. 9) . In obvious contrast to the less enriched clinopyroxenes, the analysed grains of the most enriched clinopyroxene in sample KA97-2 have sieve textures, with either lower or similar trace element contents compared with those of the respective grain cores (Table 6 ; Supplementary Data Appendix Fig. 3) . The sieve zones of many clinopyroxenes (e.g. samples CH11, K30, KA32, KA97-0 and KA97-2) show considerable enrichment in Ba and Rb (Table 6 ; Fig. 9 ). The major reason for that is that the larger laser beam, which in places was larger than the analysed spot, was partly ablating glass inclusions in the sieve zone. This is confirmed by the LA-ICP-MS analyses of the inclusion-rich clinopyroxene of xenolith KA32, showing up to 152 ppm Ba, whereas the ion probe analyses shows <20 ppm Ba.
Trace elements of clinopyroxene rims in contact with basalt
Similar to the sieve-zoned clinopyroxene, Ti-enriched zones and patches in contact with the host basanite (samples KA1, KA97-0 and KA99-2) and large melt pockets (CH33) (second type of reaction) show high 
concentrations of Sr, LREE, LILE (Rb, Ba, U, Th) and HFSE (Nb, Ta) ( Table 7 ; Fig. 7) . A trace element profile in such a patch in contact with a melt pocket in spinel lherzolite CH33 (Fig. 7d) demonstrates the most important characteristics of this reaction: gradual depletion in Ti, Sr, LREE and middle REE (MREE), LILE (Rb, Ba, U, Th) and HFSE (Nb, Ta, Zr, Hf) away from the contact. The sharp contact with the core interior is marked by a drop of these elements, although the closest point to the contact show slightly elevated contents of Sr and LREE. It is important to note that the reaction zones have approximately similar composition irrespective of the composition of the core. This confirms their late formation, which agrees with the observed textural relationships with the sieve zones.
Diffusion zones in olivine
Olivine crystals in the xenoliths in contact with the host basanite, with melt pockets and veins or cut by fractures, show additional growth and diffusion zones ( Fig. 10 ) with a gradual decrease in Fo and Ni and an increase in CaO from the olivine interior towards the crystal contact. Increases in Ca and sometimes K (0Á09-0Á20 wt %) were found close to some fractures (e.g. sample CH99-12), which seems to reflect an influence from the fluid and melt in the fracture. In the contact zone, the olivine Fo contents overlap those of phenocryst rims and microlites. The thickness of the zones in the olivine increases systematically from 20 mm in FGG-hosted xenoliths (Fig. 10a) to 70-150 mm in the MGG (Fig. 10b) and to 400 mm in the HGG-hosted samples ( Fig. 10c and d) , which clearly indicates dependence on the duration of reaction and high enough temperature for diffusion to occur. This is also well demonstrated by the smaller diffusion zones in olivine cut by a veinlet and large diffusion zones in olivine crystals in direct contact with the host magma ( Fig. 10e and  f) , implying later formation of the veinlet.
Mineral composition of the melt pocket and vein phases
Most melt pockets have visible connections with veins ( Fig. 11a) . Totally isolated pockets are also present, but this probably reflects the sectioning effect. The composition and size of the microphenocrysts and microlites in both pockets and veins also correlate with the host Ba  0Á65  21Á90  0Á29  11Á18  0Á46  0Á24  1Á24  8Á00  1Á10  0Á44  8Á78  53Á26 152Á23  5Á37  La  0Á07  2Á05  0Á11  2Á39  8Á31  6Á43  9Á68  17Á45  18Á90  0Á23  0Á65  11Á98  16Á04  2Á82  Ce  0Á27  2Á94  0Á31  3Á96  22Á30  16Á54  23Á56  19Á95  19Á60  0Á94  1Á73  24Á94  30Á68  3Á38  Pr  0Á06  0Á21  0Á07  0Á31  2Á59  1Á85  2Á81  1Á11  0Á18  0Á25  2Á45  2Á96  0Á32  Nd  0Á46  0Á79  0Á53  1Á40  10Á20  7Á01  11Á10  2Á95  2Á54  0Á99  1Á25  8Á98  10Á62  1Á73  Sm  0Á32  0Á35  0Á35  0Á45  2Á05  1Á52  2Á08  0Á60  0Á68  0Á32  0Á50  1Á59  1Á81  0Á38  Eu  0Á15  0Á18  0Á16  0Á22  0Á70  0Á54  0Á65  0Á22  0Á15  0Á17  0Á16  0Á49  0Á55  0Á22  Gd  0Á66  0Á70  0Á70  0Á55  1Á96  1Á68  2Á07  0Á95  0Á90  0Á61  0Á79  1Á24  1Á44  0Á82  Tb  0Á15  0Á16  0Á16  0Á16  0Á30  0Á29  0Á34  0Á21  0Á12  0Á16  0Á15  0Á17  0Á17  Dy  1Á19  1Á39  1Á35  1Á94  2Á09  1Á97  2Á32  1Á60  1Á47  1Á18  1Á20  0Á80  0Á90  1Á00  Ho  0Á30  0Á31  0Á33  0Á45  0Á42  0Á40  0Á46  0Á38  0Á31  0Á26  0Á14  0Á15  0Á21  Er  0Á94  0Á99  1Á05  1Á21  1Á14  1Á21  1Á20  1Á44  1Á27  1Á06  1Á03  0Á33  0Á37  0Á79  Tm  0Á14  0Á17  0Á17  0Á21  0Á16  0Á16  0Á20  0Á23  0Á19  0Á14  0Á05  0Á05  0Á10  Yb  0Á99  1Á13  1Á19  1Á39  1Á09  1Á13  1Á09  1Á64  1Á26  0Á93  0Á96  0Á33  0Á37  0Á70  Lu  0Á14  0Á15  0Á16  0Á14  0Á15  0Á16  0Á15  0Á22  0Á18  0Á15  0Á05  0Á05  0Á08  Hf  0Á16  0Á19  0Á18  0Á21  0Á20  0Á19  0Á31  0Á36  0Á22  0Á18  0Á08  0Á10  0Á43  Ta  0Á00  0Á02  0Á00  <0Á06  0Á16  <0Á05  <0Á03  <0Á06  Pb  0Á13  1Á75  0Á17  0Á40  0Á55  0Á51  0Á60  1Á40  <0Á09  0Á13  0Á79  1Á38  0Á22  Th  0Á03  0Á93  0Á02  0Á70  0Á99  0Á96  0Á97  4Á30  <0Á03  0Á09  2Á78  4Á00  0Á10  U  0 Á05  0Á84  0Á04  0Á59  0Á37  0Á37  0Á33  0Á86  <0Á01  0Á04  0Á74  1Á05  0Á11  Ce N /Tb N PM  0Á11  1Á12  0Á12  1Á52  4Á47  3Á51  4Á22  5Á78  0Á46  0Á66  10Á12  10Á92  1Á21 (continued) groundmass texture. Veins in FGG-hosted xenoliths are dark, fine-grained and 40-80 lm wide (Fig. 11a) . Pockets in these xenoliths are small and interconnected with narrow veins, which predetermine their elongated form (Fig. 11b) . They are composed predominantly of olivine and clinopyroxene, rarely accompanied by glass. Pockets and veins in the MGG-and HGG-hosted xenoliths are larger and coarser-grained, mostly 100-200 lm (Fig. 11c-g ). They have a more complex mineral assemblage with olivine, clinopyroxene, spinel, phlogopite, apatite and sulfides, accompanied by plagioclase, K-Na feldspar, nepheline and analcite, compositionally similar to the groundmass. An interesting observation is that phlogopite in most pockets and veins is located near the xenolith surfaces (Fig. 4e) .
Olivine microphenocrysts and microlites
Olivine microphenocrysts and microlites (Table 8) 
Clinopyroxene microphenocrysts and microlites
Clinopyroxene microphenocrysts and microlites in pockets (Table 9 ; Fig. 12 ) from FGG-hosted dunites (CH99-9 and CH09-11) have high Mg# (95Á8-92Á9) and are very poor in Al and Ti; in rare cases they have rims that are Ti-Al-rich and have lower Mg# (79Á1). In the MGG-and HCG-hosted spinel lherzolites (CH-13 and CH15) and harzburgites (CH09-2, CH99-11b and VH97-1) pocket clinopyroxene is mostly zoned titanium augite (Mg# 80Á6-70Á2), markedly richer in Ti and Al. . These compositions are similar to the rims of phenocrysts and microlites in the host basanites. Occasionally, their La  19Á09  0Á92  22Á64  9Á07  16Á60  8Á24  0Á40  0Á50  5Á48  0Á05  0Á03  0Á09  0Á24  2Á62  Ce  15Á02  16Á28  53Á09  19Á29  50Á63  26Á85  0Á65  1Á00  10Á29  0Á23  0Á10  0Á17  0Á77  6Á49  Pr  33Á69  41Á97  5Á58  1Á77  5Á83  3Á32  0Á18  0Á33  1Á12  0Á07  0Á06  0Á09  0Á20  0Á93  Nd  3Á16  4Á84  18Á46  5Á29  21Á85  17Á12  1Á50  2Á40  5Á14  0Á87  0Á65  0Á60  1Á10  3Á95  Sm  10Á19  16Á82  1Á89  0Á70  1Á69  4Á69  1Á06  1Á43  1Á40  0Á61  0Á56  0Á65  0Á61  1Á43  Eu  1Á18  2Á49  0Á64  0Á33  0Á87  <0Á94  0Á53  0Á78  0Á51  0Á23  0Á26  0Á32  0Á17  0Á66  Gd  0Á58  0Á74  1Á66  0Á86  2Á30  4Á21  2Á62  3Á46  1Á96  1Á13  1Á27  0Á52  1Á28  2Á02  Tb  1Á11  1Á41  0Á22  0Á14  0Á24  0Á83  0Á44  0Á64  0Á34  0Á23  0Á28  0Á21  0Á28  0Á32  Dy  0Á20  0Á24  1Á55  1Á88  <1Á51  <3Á01  4Á12  5Á37  2Á29  1Á71  2Á08  1Á56  2Á14  2Á09  Ho  1Á36  1Á58  0Á27  0Á34  0Á43  <0Á34  0Á75  1Á00  0Á62  0Á41  0Á55  0Á34  0Á52  0Á57  Er  0Á36  0Á37  0Á95  0Á95  1Á54  2Á44  2Á34  2Á86  1Á62  1Á35  1Á60  1Á51  1Á74  1Á41  Tm  1Á11  1Á22  0Á15  0Á25  0Á22  <0Á40  0Á30  0Á43  0Á22  0Á19  0Á21  0Á13  0Á22  0Á24  Yb  0Á17  0Á13  1Á19  1Á48  <1Á33  <1Á73  1Á54  1Á99  1Á52  1Á27  1Á52  0Á79  1Á15  1Á31  Lu  1Á35  1Á54  0Á17  0Á14  0Á31  0Á36  0Á31  0Á36  0Á25  0Á18  0Á23  0Á22  0Á24  0Á16  Hf  0Á27  0Á18  0Á36  0Á49  <0Á60  <1Á00  0Á78  0Á72  0Á35  0Á31  0Á24  0Á31  0Á47  0Á31  Ta  0Á39  0Á49  <0Á05  <0Á07  <0Á23  <0Á52  <0Á72 
Host rock groundmass abbreviations and sample numbers as in Table 3 ; c.inter., crystal from interior; c.edge, crystal from the edge; sm, small crystal; g.1, g.3, grains in KA97-2. All analyzed grains from KA97-2 and KA97-0 are shown in Supplementary Data Appendix Table 1 . Laboratory: LA-ICP-MS analyses at k, Kanazawa; s, Sofia; p, Pavia; p.i., analyses by ion probe at Pavia. All data are in ppm (except for SiO 2 , Al 2 O 3 , MgO, CaO and Na 2 O, wt %); empty cells, no data; < , below detection limit.
central core or single grains preserve Ti-poor, Mg-rich (Mg# 92Á3-88Á6) compositions. Clinopyroxene from the veins connected with the host basanites is Ti-and Alrich (Table 9 ; Fig. 12 ), similar to those from the pockets in MGG-and HCG-hosted xenoliths.
Phlogopite
Phlogopite (Table 10 ) occurs as either (1) Ti-phlogopite among the mineral aggregates of the pockets and veins in the MGG-or HCG-hosted xenoliths (Fig. 11e-g ), or (2) CrMg-rich phlogopite forming rims around spinel enclosed (Sun & McDonough, 1989) trace element patterns of the Ti-enriched zones and patches (second type of reaction) confined to clinopyroxene crystals in direct contact with the MGG and HCG host or with well-crystallized holocrystalline pockets. (a-c) Fine-zoned Ti-augite overgrowth (100-200 lm) followed by diffusion zone (100-300 lm), consisting of high-Ti and low-Na clinopyroxene and undisturbed primary clinopyroxene. It should be noted that the Tiaugite overgrowth and diffusion zone in (b) overlap and replace the sieve zone and core of the primary clinopyroxene (sample KA1). (d) Ti-rich patchy replacement of the original clinopyroxene at the contact with a holocrystalline pocket. Line shows the length of the analysed profile. Numbers on the profiles correspond to the laser points and analyses in Table 7 . Photographs: (a, b) planepolarized light; (c) backscattered-electron image; (d) cross-polarized light.
in dunite olivine (Fig. 11h ). The first type shows a gradual increase of Ti and decrease of Mg and Cr from pocket and veins to groundmass Ti-phlogopite. The mode of occurrence of the Cr-Mg-rich (Mg# 92Á6; $2Á0 wt % Cr 2 O 3 ) and Ti-poor phlogopite clearly shows that it was formed by ingress of a fluid-rich melt through a network of veins reaching the spinel and strong interdiffusion of elements between the fluid and host spinel and olivine.
Sulfides
Sulfides are more abundant in the MGG-and HCG-based xenoliths, with the largest amount observed in dunite xenoliths. They form either trails of rounded to elongate, up to 20 lm, inclusions in the host minerals or up to 400 lm crystals in the pockets. The latter have not been studied in detail; however, preliminary data show that these are solid solutions of pyrrhotite and pentlandite.
K-Na feldspar, nepheline and analcite
All these minerals in MGG-and HCG-hosted xenoliths have compositions similar to those from the basanite groundmass (Table 11) . Nepheline is a low-K variety with 1Á6-3Á4 wt % CaO, whereas analcite has 3Á7 wt % K 2 O and 1Á6 wt % CaO.
Glass composition
Fresh glass (Table 11 ) was found in only three xenoliths from the outer carapaces of Chatala and Vurha (samples CH09-2 and VH97-1) and the interior of Kamuka (KA6A). In Chatala and Vurha it is in reaction halos around spinel and orthopyroxene ( Fig. 4c and d) , whereas in Kamuka it is in melt inclusions within sievetextured clinopyroxenes. Glass around spinel and orthopyroxene is brown and intermediate in composition, with 56Á6-59 wt % SiO 2 and low Mg. Glass from the sieve-textured clinopyroxene is more evolved with 63Á5 wt % SiO 2 and MgO below detection limit. All glasses have high and similar Al, Na and K contents. Compositionally, they are similar to type 3 glass of Shaw & Dingwell (2008) , Al-and alkali-rich, associated with orthopyroxene and spinel. Compared with them, our glasses have lower Mg and higher total alkalis, 49Á10  52Á70  52Á50  47Á02  45Á04  49Á00  53Á31  53Á35  53Á15  45Á27  48Á58  51Á60  52Á46  TiO 2  4Á30  2Á04  0Á16  3Á50  2Á99  1Á10  0Á13  0Á01  0Á19  3Á82  1Á70  0Á50  0Á33  Al 2 O 3  6Á50  6Á00  6Á20  6Á20  6Á80  8Á71  6Á10  5Á13  4Á93  5Á78  7Á95  7Á16  4Á70  3Á68  Cr 2 O 3  0Á31  0Á86  0Á86  0Á07  0Á13  1Á30  1Á08  1Á22  1Á07  0Á00  0Á82  1Á80  1Á56  FeO  7Á50  6Á12  1Á90  6Á96  7Á80  6Á20  2Á60  2Á67  2Á91  7Á35  5Á56  3Á41  3Á37  MnO  0Á21  0Á07  0Á00  0Á07  0Á10  0Á10  0Á18  0Á07  0Á13  0Á00  0Á00  0Á00  0Á00  MgO  12Á08  14Á50  15Á48  12Á75  12Á00  15Á01  16Á82  16Á50  17Á51  11Á53  13Á91  16Á05  16Á53  CaO  22Á90  22Á50  23Á24  22Á70  22Á00  22Á10  21Á10  19Á31  19Á25  18Á43  22Á75  21Á67  21Á42  21Á23  Na 2 O  0 Á50  0Á54  1Á16  1Á12  0Á57  0Á50  0Á60  1Á44  1Á46  0Á74  0Á43  0Á49  0Á59  0Á57  Total  101Á30 101Á73 101Á70  99Á74  99Á37 100Á51 100Á00  99Á46  99Á91  99Á10  99Á90 La  13Á54  4Á37  0Á21  0Á09  15Á48  9Á10  4Á02  5Á47  5Á79  4Á45  5Á68  6Á36  5Á34  6Á65  Ce  39Á50  13Á05  0Á40  0Á54  45Á16  29Á07  12Á71  18Á27  18Á77  15Á91  17Á76  18Á89  21Á77  26Á19  Pr  5Á47  2Á29  0Á12  0Á06  6Á44  4Á78  1Á55  3Á28  3Á47  2Á48  2Á91  3Á03  4Á12  5Á01  Nd  30Á02  11Á09  1Á00  1Á85  32Á93  24Á67  10Á68  16Á21  17Á72  13Á86  16Á02  16Á87  21Á91  25Á92  Sm  8Á65  4Á89  0Á61  0Á93  8Á42  6Á98  3Á69  3Á32  4Á83  3Á26  4Á67  5Á31  7Á14  7Á86  Eu  2Á23  1Á11  0Á47  0Á29  2Á58  2Á00  1Á17  1Á26  1Á43  1Á11  1Á59  1Á60  2Á44  2Á38  Gd  7Á40  4Á18  2Á24  2Á13  8Á09  6Á92  3Á01  4Á76  4Á80  4Á59  5Á19  4Á98  9Á10  8Á33  Tb  1Á11  0Á62  0Á50  0Á40  1Á08  1Á09  0Á51  0Á49  0Á59  0Á54  0Á76  0Á80  0Á97  1Á51  Dy  7Á09  3Á97  3Á62  2Á11  6Á85  5Á94  2Á53  2Á88  3Á14  2Á53  3Á42  4Á44  5Á89  5Á25  Ho  1Á13  0Á59  0Á86  0Á62  1Á25  1Á02  0Á54  0Á50  0Á57  0Á47  0Á84  0Á69  0Á99  0Á98  Er  3Á16  1Á31  2Á07  1Á86  3Á20  2Á05  1Á28  1Á14  1Á51  1Á06  2Á13  2Á14  2Á17  2Á33  Tm  0Á21  0Á19  0Á40  0Á25  0Á36  0Á38  0Á11  0Á17  0Á18  0Á14  0Á21  0Á22  0Á20  0Á14  Yb  2Á50  1Á20  1Á76  1Á83  1Á42  2Á14  0Á39  1Á45  1Á37  1Á14  1Á22  1Á42  1Á15  1Á52  Lu  0Á20  0Á16  0Á28  0Á38  0Á24  0Á25  0Á11  0Á13  0Á18  0Á10  0Á16  0Á14  0Á09  0Á18  Hf  5Á69  2Á08  0Á20  0Á46  5Á57  5Á07  1Á92 
(continued) most probably as the result of compositional modification by crystallization of mafic microlites. These compositions are similar to many other occurrences of glass in peridotite xenoliths and fall in the groups of K-and Naalkali silicate glasses of Coltorti et al. (2000a Coltorti et al. ( , 2000b . According to Shaw & Dingwell (2008) , this glass is the result of interaction of the host melt with orthopyroxene, resulting in the formation of an Si-Al-rich, alkaline melt, which further causes incongruent melting of spinel and clinopyroxene. As the result of slow cooling or alteration, the melt or glass in the MGG-and HCG-hosted xenoliths forms a fine-crystalline mass or is converted to a mass of chlorite and clay minerals, respectively.
DISCUSSION Thermobarometry

P-T-fO 2 of equilibration of the mantle xenoliths
Equilibration temperatures for the xenoliths (Table 12) were estimated using the two-pyroxene geothermometers of Wood & Banno (1973) , Wells (1977) , Brey & Kö hler (1990) and Putirka (2008) . Because of the reacted nature of most xenoliths, temperature was calculated using the core compositions of clinopyroxene and orthopyroxene, which better preserve the initial mineral compositions. Calculated temperatures using the Wells (1977) geothermometer range from 745 to 999 C. Similar large variations (740-1040 C) were obtained using the Brey & Kö hler (1990) geothermometer, with several samples showing lower temperatures, probably as a result of disequilibrium. Slightly higher temperatures were given by the geothermometer of Wood & Banno (1973; 840-1100 C) . The most uniform temperatures (810-1015 C) were obtained applying the geothermometer of Putirka [2008, equation (36) ].
The geobarometer proposed by Putirka (2008) [equation (38)], based on the Mercier et al. (1984) approach and calibrated for high-Mg# compositions, was used to calculate equilibration pressures. The best estimates were obtained for the FGG-hosted xenoliths, which better preserve their original mineral chemistry. Calculated 53Á65  52Á61  51Á62  51Á36  50Á68  52Á80  53Á17  52Á45  52Á90  52Á90  52Á80  52Á80  TiO 2  0Á15  0Á00  2Á04  1Á64  1Á54  1Á30  0Á18  0Á10  Al 2 O 3  4Á06  3Á21  3Á68  4Á09  4Á45  4Á88  4Á55  4Á26  5Á80  5Á35  4Á87  6Á10  Cr 2 O 3  1Á49  1Á34  0Á99  1Á20  1Á31  1Á05  0Á91  0Á92  FeO  1Á92  1Á87  4Á85  4Á42  4Á78  1Á97  2Á05  2Á58  MnO  0Á00  0Á00  0Á15  0Á05  0Á03  0Á04  0Á00  0Á00  MgO  15Á82  16Á80  15Á50  15Á16  15Á48  15Á40  15Á63  17Á09  CaO  21Á81  23Á11  22Á81  22Á87  22Á97  23Á11  23Á02  22Á80  23Á39  23Á00  19Á94  24Á16  Na 2 O  1 Á19  0Á53  0Á58  0Á65  0Á72  0Á89  1Á14  0Á51  1Á32  1Á23  1Á08  1Á34  Total  100Á09  99Á47  102Á22  101Á44  101Á96  101Á44  100Á65 Ce  1Á80  4Á50  26Á87  12Á66  10Á03  11Á13  14Á36  0Á56  0Á42  0Á18  0Á17  0Á06  0Á10  Pr  0Á19  0Á45  3Á90  1Á86  1Á57  1Á49  1Á70  0Á09  0Á07  0Á09  0Á14  0Á06  0Á04  Nd  1Á05  2Á20  18Á66  10Á39  8Á58  9Á33  8Á27  1Á00  0Á74  0Á78  0Á79  0Á53  0Á55  Sm  <0Á38  <0Á48  3Á91  2Á39  3Á26  2Á26  2Á11  0Á67  0Á61  0Á59  0Á39  0Á56  0Á59  Eu  0Á24  0Á28  1Á72  1Á06  1Á00  1Á16  0Á81  0Á30  0Á38  0Á32  0Á20  0Á27  0Á30  Gd  0Á97  0Á91  4Á37  3Á08  2Á82  2Á54  2Á14  1Á55  1Á46  0Á95  0Á52  1Á42  1Á50  Tb  0Á08  0Á16  0Á69  0Á40  0Á34  0Á45  0Á40  0Á24  0Á39  0Á15  0Á28  0Á24  0Á29  Dy  0Á99  1Á59  3Á68  2Á82  2Á39  3Á15  2Á54  2Á60  2Á21  1Á92  2Á26  1Á83  2Á45  Ho  0Á22  0Á20  0Á69  0Á47  0Á49  0Á58  0Á40  0Á53  0Á49  0Á49  0Á53  0Á38  0Á47  Er  0Á67  0Á57  1Á80  1Á09  1Á15  1Á34  1Á51  1Á47  1Á68  1Á75  1Á53  1Á40  1Á70  Tm  0Á11  0Á11  0Á13  0Á11  0Á12  0Á10  0Á14  0Á22  0Á23  0Á17  0Á17  0Á22  0Á23  Yb  0Á77  0Á76  1Á73  0Á31  0Á68  1Á37  1Á09  1Á57  1Á70  1Á55  0Á93  1Á26  1Á72  Lu  0Á13  0Á12  0Á10  0Á06  0Á18  0Á21  0Á14  0Á22  0Á20  0Á21  0Á17  0Á23  0Á22  Hf  0Á23  0Á36  2Á82  1Á58  1Á09  1Á19  0Á66  0Á20  0Á14  0Á34  0Á37  0Á21  0Á08  Ta  0Á09  0Á08  0Á34  0Á11  0Á07  0Á09  0Á23  <0Á02  <0Á01  <0Á03  <0Á03  <0Á01 
Ti-aug, titanium augite; Ti-enr, Ti-enriched zones and patches; M.I., melt inclusion plus host Cpx from the Ti-enriched patch; S.Z., sieved zone. Point number corresponds to the laser points from pressures for these xenoliths are 1Á1-1Á9 GPa. For xenoliths within the MGG and HCG, the calculated pressure range is slightly lower (0Á9-1Á7 GPa). These estimates may be imprecise, which is confirmed by the very low pressure values (0Á45-0Á8 GPa) of the porphyroclastic sample (KA97-6) and two strongly reacted samples (CH21 and CH99-12), which fall outside the spinel peridotite stability field. Estimated pressures from the FGG-hosted xenoliths correspond to depths between 35 and 65 km. Although the equilibration pressures for spinel peridotites cannot be reliably estimated, their overlap with the pressure constrained by geophysical estimates of crustal thickness in the Moesian Platform of 33-37 km (Dachev, 1988; Boykova, 1999) and the experimental limit on the spinel-garnet transition of $70 km (e.g. O'Neill, 1981) confirms their origin from the lithospheric mantle.
Oxygen fugacity (fO 2 ) was calculated using the method of Ballhaus et al. (1991) , with input data for the temperature and pressure taken from the equations of Putirka (2008) . Estimated fO 2 values range between -1Á8 and þ 1Á0 Dlog units relative to the FMQ (fayalite-magnetite-quartz) buffer, with two samples showing more reduced conditions of -3Á2 to -2Á6 Dlog units relative to FMQ. his relatively wide range of fO 2 most probably results from variations in the estimated equilibration P and T of the xenoliths. We suggest that the most reasonable values are those derived from the xenoliths from FGG (-1Á6 to 0Á1).
Temperature of crystallization of the host basanites
The temperature of the host magma at the time of entrapment of the xenoliths cannot be quantified very . Primitive mantle-normalized REE and trace-element patterns (Sun & McDonough, 1989) of the clinopyroxene rims and sieve zones compared with their cores from xenoliths hosted in different groundmass types. All rims and sieve zones except for some crystals from the most enriched sample KA97-2 are more enriched in LREE and LILE. Abbreviations: c, core; r, rim; s, sieve zone.
precisely. However, the skeletal texture of the olivine and the absence of clinopyroxene from the FGG facies of Chatala suggest that the magma was high temperature and almost aphyric during transport and experienced a comparatively fast cooling rate at the surface. Experimental work of Donaldson (1976) and Walker et al. (1976) showed that hopper olivine crystals like those in the FGG facies (Fig. 2d) can be produced at a cooling rate between 15 and 40 C h -1 and degrees of supercooling of 30-50 C h -1 in melts with $9 wt % normative olivine. The required cooling rate increases as the normative olivine of the melt increases (Donaldson, 1976 (Donaldson, , 1979 . Normative olivine in the Chatala dome is higher than this value (20-25%). Thus a lower degree of undercooling would be required for olivine crystallization in the host magmas.
Basanitic samples from the FGG facies of the domes are most suitable for estimation of the magma temperature during its transport and emplacement at the surface. To evaluate their temperature of crystallization, we used the experimental work of Gerke et al. (2005) on compositionally similar basanites from Mt Erebus at atmospheric pressure and at fO 2 $ QFM. The experimental rock not only has a very similar wholerock composition (Table 1) , but the run products show the same sequence of crystallization and olivine compositional shift ) as the basanites from our study ). These similarities suggest that this experiment is a good approximation to the composition and conditions of crystallization of the Chatala basanite. Olivine in the experiments started to crystallize at a temperature of 1224 C and it was the only liquidus phase down to 1160 C. High-Ca, high-Ti clinopyroxene in the experiments joined olivine at 1138 C, whereas plagioclase began to crystallize between 1120 and 1104 C. Crystallization of hopper olivine phenocrysts and rare Ti-augite microphenocrysts at the outermost part (FGG facies) of the Chatala dome most probably reflects a cooling interval of 1250-1140 C within a very short time. Crystallization of euhedral olivine and large clinopyroxene crystals, along with larger plagioclase microphenocrysts or phenocrysts in the HCG facies, suggests a much slower cooling rate and temperature decrease below 1100 C and even 1000 C during crystallization. Therefore, based on these results, we assume a temperature interval for reaction between the host magma and the xenoliths of between 1250 and 1100 C in the outermost part of the dome and between 1250 and 1000 C in the dome interior.
Where did the reactions take place?
The minimal reactions in the xenoliths from the dome carapaces, along with the depleted nature of their clinopyroxene, clearly show that magma-xenolith reaction in the outer part of the dome was short-lived because of fast cooling. The only visible reactions affect the contacts of spinel and orthopyroxene and the outermost parts of the clinopyroxene. In contrast, the xenoliths from the dome interior (MGG-and HCG-hosted) show the following features indicative of prolonged reaction and slow cooling: wide zoning profiles and diffusion zones in olivine, wide coronas in the orthopyroxene, wide sieve textures in the spinel and clinopyroxene, and a gradual change of the size, mineral assemblages and mineral compositions of the pockets and contact minerals towards the phenocryst and microlite compositions of the host rocks. Finally, the presence of plagioclase, K-feldspar, nepheline and analcite in both groundmass and pocket assemblages definitely indicates low-pressure crystallization. Thus, we suggest that petrographic evidence and chemical data indicate that most of the metasomatic reactions occurred close to or on the surface.
Comparison of studied xenoliths with 1 atm experiments
The experimental work of Shaw (1999) and Shaw et al. (1998) on orthopyroxene with silica-undersaturated melts and, particularly, those experiments with leucitebearing melt and mantle xenoliths at 1 atm in reduced and oxidized condition (Shaw & Dingwell, 2008) , demonstrated that the reaction and zonation patterns of xenoliths depend on temperature and time and can be produced even at atmospheric pressure. The abovecited researchers showed that dissolution is a result of the combined processes of diffusion and convective mixing. Most of the observed reactions in the FGGhosted xenoliths are similar to short-duration (few days) experiments. These are: (1) initial fracturing; (2) formation of thin diffusion zones (up to 50 lm) around olivine, thin reaction rims around orthopyroxene and spinel, and their compositional similarity; (3) similarity 40Á35  41Á26  41Á32  40Á64  40Á61  41Á17  41Á57  41Á84  41Á62  41Á30  41Á84  TiO 2  0Á03  0Á00  0Á00  0Á02  0Á01  0Á01  0Á04  0Á00  0Á00  0Á02  0Á00  Al 2 O 3  0Á03  0Á01  0Á00  0Á01  0Á02  0Á05  0Á03  0Á00  0Á00  0Á04  0Á01  Cr 2 O 3  0Á00  0Á11  0Á09  0Á04  0Á14  0Á07  0Á22  0Á05  0Á04  0Á10  0Á03  FeO  18Á10  10Á29  10Á53  7Á06  7Á17  10Á82  10Á56  9Á20  8Á89  11Á11  9Á28  MnO  0Á39  0Á32  0Á29  0Á14  0Á11  0Á14  0Á20  0Á16  0Á14  0Á28  0Á14  MgO  41Á53  49Á71  49Á83  51Á44  51Á11  49Á39  49Á35  50Á59  50Á55  48Á70 40Á81 39Á92 38Á10 39Á70  40Á63  40Á46  40Á46  41Á39  41Á24  40Á69  39Á63  39Á32  TiO 2  0Á06  0Á02  0Á04  0Á00  0Á02  0Á04  0Á03  0Á03  0Á05  0Á00  0Á06  Al 2 O 3  0Á00  0Á03  0Á05  0Á00  0Á06  0Á00  0Á00  0Á02  0Á00  0Á34  0Á39  Cr 2 O 3  0Á42  0Á05  0Á00  0Á03  0Á05  0Á08  0Á12  0Á06  0Á00  0Á00  0Á00  FeO  11Á67 14Á80 24Á85 17Á50  11Á93  13Á98  14Á52  8Á80  9Á08  10Á99  12Á95  21Á16  MnO  0Á25  0Á25  0Á45  0Á17  0Á22  0Á29  0Á29  0Á15  0Á15  0Á25  0Á27  0Á45  MgO  47Á05 47Á32 38Á26 43Á20  48Á69  46Á45  47Á42  51Á31  49Á61  49Á03  47Á07  39Á44  CaO  0Á27  0Á23  0Á33  0Á21  0Á13  0Á21  0Á16  0Á15  0Á20  0Á30  0Á27  0Á33  NiO  0Á30  0Á23  0Á18  0Á35  0Á26  0Á25  0Á27  0Á32  0Á18  0Á17  Total  100Á83 102Á85 102Á08 100Á96  101Á98  101Á78 102Á90  102Á19  100Á66 101Á63 100Á71  101Á32  Fo  87Á8  85Á1  73Á3  81Á5 8 7 Á9 8 5 Á6 8 5 Á3 9 1 Á2 9 0 Á7 88Á8 86Á6 7 6 Á9 Abbreviations as in Table 3. of glass compositions. Xenolith reactions in the MGG and HCG show similarity with the longer duration experiments (>15 days); for example, (1) wide diffusion zones in olivine, large orthopyroxene reaction rims and (2) clinopyroxene sieved zones and large chromite rims passing into sieved zones. The most important differences from the experiments are (1) the virtual absence of glass in the reaction products, particularly in xenoliths from MGG and HCG, except in some sieve-texture clinopyroxenes and spinel (e.g. in samples KA8* and CH09-2) and (2) the presence of minerals such as phlogopite, K-Na feldspar, nepheline and analcite in the pockets instead. These differences are easy to explain in terms of the lower cooling rate of the host lava in the domes, which assisted crystallization of these mineral phases or devitrification of the glass.
Duration of reaction
Compositional profiles across the olivine crystals adjacent to the host rocks or veins are often used for calculation of the residence time of peridotite xenoliths and xenocrysts in magmas (Klü gel, 1998 (Klü gel, , 2001a Shaw & Klü gel, 2002; Shaw, 2004; Shaw et al., 2006) . To estimate the duration of reaction in the Kamuka and Chatala domes, 17 traverses were made through olivine grains in contact with the three types of groundmass and one in contact with a large vein. The profiles of 10 selected olivines are shown in Fig. 13 and their zoning patterns for Fo and CaO were modelled using Fick's second law of diffusion following the methods of Costa et al. (2008) and Girona & Costa (2013) . The remaining seven olivine profiles, shown in Supplementary Data Appendix Fig. 4 , are more complex and have not been modelled. We first tried using a homogeneous crystal and a constant composition at the rim but it soon became apparent that the shape of many concentration profiles required an initial condition made by an abrupt compositional step. This implies that many olivine crystals from the xenoliths were overgrown by a rim that was probably in equilibrium with the host magma. This is more obvious in some crystals from HCG-hosted xenoliths, which are accompanied by new overgrowths of olivine or Ti-augite. To be able to compare the results from traverses in different groundmasses, we selected only crystals that had been in contact with the host magma for the maximum time. Selection was made using two criteria: (1) olivine from walls next or close to orthopyroxene with the widest reaction rims and (2) Sample no.: CH99-9 CH99-9 CH99-9 CH09-CH09-CH09-CH09-CH09- CH09-11  CH09-2 CH09-2 CH09-2 CH09-2  CH13  11  11  11  11  11  c  r  c  r   SiO 2  54Á72  54Á45  53Á80 53Á40 53Á29 54Á32 54Á69 55Á14  54Á85 47Á62 55Á96  51Á46  50Á97  48Á65 42Á05  43Á95  TiO 2  0Á06  0Á08  0Á04  0Á20  0Á23  0Á04  0Á10  0Á06  0Á03  2Á69  0Á08  1Á48  1Á60  2Á04  5Á03  3Á90  Al 2 O 3  0Á48  0Á49  1Á44  1Á43  1Á67  0Á97  1Á09  0Á91  0Á94  6Á31  0Á61  4Á87  5Á66  7Á81 12Á03  9Á10  Cr 2 O 3  3Á64  2Á20  1Á69  1Á15  1Á26  1Á72  1Á87  2Á17  1Á44  0Á18  1Á34  0Á63  0Á63  0Á38  0Á01  0Á06  FeO  2Á35  2Á25  2Á06  2Á36  2Á18  1Á39  1Á42  1Á48  1Á88  6Á19  2Á51  4Á21  3Á70  6Á00  7Á80  6Á91  MnO  0Á11  0Á17  0Á09  0Á06  0Á09  0Á06  0Á04  0Á05  0Á06  0Á09  0Á13  0Á10  0Á08  0Á09  0Á05  0Á11  MgO  17Á37  17Á72  17Á18 17Á30 17Á21 17Á59 17Á68 17Á51  17Á72 13Á18 19Á26  14Á65  14Á55  13Á24 45Á48 47Á28  43Á74  53Á98  49Á86  45Á79 49Á98  51Á08  43Á79 40Á73  55Á23 46Á48 46Á75  39Á32 52Á70  42Á88  TiO 2  3Á03  2Á55  4Á23  0Á23  0Á69  3Á69  1Á60  0Á17  4Á50  5Á52  0Á06  2Á49  3Á36  0Á06  1Á76  5Á47  Al 2 O 3  8Á83  5Á77  9Á70  2Á41  6Á24  8Á00  6Á00  5Á14  9Á65 11Á18  1Á28  7Á66  6Á64  0Á39  2Á04  8Á89  Cr 2 O 3  0Á09  0Á08  0Á09  0Á84  1Á56  0Á25  0Á51  1Á79  0Á83  0Á21  1Á09  0Á07  0Á00  0Á00  0Á50  0Á07  FeO  7Á29  7Á64  7Á47  2Á80  3Á32  5Á45  3Á35  2Á60  4Á04  6Á82  3Á06  8Á13  7Á55  21Á16  3Á44  7Á44  MnO  0Á12  0Á12  0Á15  0Á17  0Á10  0Á11  0Á06  0Á03  0Á04  0Á07  0Á13  0Á15  0Á17  0Á45  0Á07  0Á06  MgO  12Á01 13Á39  11Á50  18Á70  15Á82  12Á73 14Á67  15Á61  12Á45 10Á98  20Á02 12Á09 11Á40  39Á44 15Á36  15Á05  CaO  22Á66 22Á18  22Á70  21Á61  22Á44  23Á53 22Á80  22Á30  23Á22 22Á69  18Á18 21Á88 22Á54  0Á33 22Á54  19Á49  Na 2 O  0 Á60  0Á62  0Á85  0Á51  0Á79  0Á78  0Á44  1Á05  0Á72  0Á63  0Á96  0Á49  0Á68  0Á82  0Á66  NiO  0Á05  0Á00  0Á17  Total  100Á11 99Á63 100Á43 101Á25 100Á87 100Á32 99Á41  99Á77  99Á24 98Á83 100Á01 99Á44 99Á09 101Á32 99Á23 100Á01  Mg#  74Á6  75Á8  73Á3  92Á3  89Á5  80Á6  88Á6  9 
Abbreviations as in Table 3. with microscopically largest visible diffusion zones. Nevertheless, olivine profiles from groundmasses of same type show some variations, as a result of anisotropic diffusion of Mg and Fe (see below). All olivine profiles show a decrease of Fo and increase of CaO from the crystal interior to the rim, which can be interpreted as a combination of new crystal growth from the host magma and partial equilibration via volume diffusion. Some disturbances in the profiles of olivine from the dome interior, particularly for CaO, are observed when they cross fractures (e.g. samples KA8*, CH99-11 b and CH99-13 in Supplementary Data, Fig. 4) . The olivine composition decreases from Fo [90] [91] [92] in the cores to Fo 80-68 at the rims. The latter values are similar to the compositions of olivine phenocryst rims and microlites, suggesting complete equilibration with the crystallizing host magma. We interpret the diffusion zone in the FGG-hosted xenoliths as being formed between entrainment and eruption. These zones are the result of interaction close to the basanite maximum temperature and approximately record the ascent time of the magma, followed by fast cooling close to the Earth's surface. Most olivine profiles in MGG and HCG (e.g. in samples CH15, CH99-6, KA99-2, KA31 and KA27) exhibit some increase of CaO at a distance of 5-40 lm from the contact, after which it starts to decrease. This can be attributed to an increase of Ca during olivine crystallization, followed by its depletion as the result of later co-crystallization of Ca-bearing Ti-augite and plagioclase. Diffusion profiles of xenoliths from the dome interior have a more complicated total diffusion thermal history and only $10-30% of the profiles were produced by diffusion close to the maximum temperature; the remainder of the diffusion seems to have been completed at a somewhat lower temperature close to the surface.
We used a single temperature of 1200 C for olivine profiles in the FGG facies. Because there is a cooling history of the dome and also a finite time that the dome needed to grow, for the MGG and HCG facies we used a slightly lower temperature of 1175 C. The oxygen fugacity used was DNNO ¼ -0Á7 (where NNO is the nickelnickel oxide buffer), close to the QFM buffer. This is clearly a simplification of the actual situation and the temperature of the samples from the brecciated and exterior (FGG) zone of the dome is probably closer to the real temperature, whereas the temperature for the dome interior is more difficult to calculate more precisely.
For Fe-Mg we used the diffusion coefficients of Dohmen & Chakraborty (2007a , 2007b and those of Coogan et al. (2005) for Ca. Because we do not know the crystallographic orientation and the diffusivity of cations is markedly anisotropic (e.g. Dohmen et al., 2007) , we have used diffusion data parallel to the [001] axis, which gives a minimum time and is six times faster than parallel to [100] and [010] .
Times obtained for Fe-Mg and Ca diffusion and their uncertainty reflecting the errors of the data are shown in Table 13 . Times for Fe-Mg diffusion vary between 1 and 200 days and those for Ca between 10 and about 700 days. In general, times derived from Ca zoning tend to be longer than those from Fe-Mg, as found in other studies (e.g. Costa & Dungan, 2005) . This might be related to the fact that diffusion data for Ca in olivine have been determined only for Mg-rich compositions and thus do not incorporate the increase in diffusivity with increase in Fe documented for other divalent cations (Fe, Mg, Mn, Ni) The diffusion times we report include transport, emplacement and cooling at the Earth's surface. They may include also some time for cracking before entrainment, but this is not reflected in the most informative samples from the brecciated zone. For these samples the entrainment process appears to be almost instantaneous (see below) and the time includes mostly the transport, whereas for the other 36Á57 10Á90 13Á88  0Á22  6Á95  0Á06  16Á57 0Á03  0Á98  8Á22 0Á03 2Á37 0Á95 0Á03  97Á76 81Á0  38Á77  9Á61 13Á81  0Á12  5Á27  18Á36 0Á02  0Á89  8Á93 0Á03 0Á19 1Á01 0Á04  97Á05 86Á1  36Á57 10Á90 13Á88  0Á22  6Á95  0Á06  16Á57 0Á03  0Á98  8Á22 0Á03 2Á37 0Á95 0Á03  97Á76 81Á0  38Á77  9Á61 13Á81  0Á12  5Á27  18Á36 0Á02  0Á89  8Á93 0Á03 0Á19 1Á01 0Á04  97Á05 86Á1  36Á91 10Á72 15Á03  0Á20  6Á22  0Á03  17Á65 0Á07  1Á06  8Á91  0Á18 96Á98 83Á5  36Á41 10Á90 15Á37  0Á21  6Á37  0Á00  17Á40 0Á05  1Á05  8Á75  0Á17 96Á67 83Á0  CH15  39Á36  9Á11 13Á79  0Á96  5Á09  0Á02  20Á20 0Á00  1Á05  8Á85  1Á42 0Á03  99Á88 87Á6  39Á69  9Á14 13Á94  1Á01  5Á33  0Á00  18Á98 0Á03  1Á01  8Á79  97Á92 86Á4  37Á29  9Á68 14Á60  0Á12  8Á29  17Á40 0Á04  0Á83  8Á05  1Á85 1Á28 0Á04  99Á47 78Á9  39Á36  9Á11 13Á79  0Á96  5Á09  0Á02  20Á20 0Á00  1Á05  8Á85  1Á42 0Á03  99Á88 87Á6  39Á69  9Á14 13Á94  1Á01  5Á33  0Á00  18Á98 0Á03  1Á01  8Á79  97Á92 86Á4  38Á16  9Á44 13Á99  1Á07  5Á04  0Á03  18Á66 0Á03  1Á13  8Á86  0Á17 96Á58 CH15  33Á43 12Á07 14Á96  0Á00  12Á60  0Á13  12Á03 0Á06  0Á97  7Á13  0Á07 93Á45 63Á0  CH33  36Á11 10Á72 14Á05  0Á00  11Á96  0Á13  13Á37 0Á09  1Á01  8Á31  0Á06 95Á81 66Á6  CH99-11b  33Á63 11Á61 14Á63  0Á06  12Á02  0Á09  12Á09 0Á05  1Á07  7Á01  0Á82 0Á06  93Á14 64Á2  32Á60 12Á43 14Á90  0Á10  13Á54  0Á10  11Á89 0Á16  0Á80  6Á42  0Á64 0Á05  93Á63 61Á0 *Host rock groundmass abbreviations as in Table 3 . 56Á91 56Á25  58Á45  56Á01  57Á49  55Á75  59Á54  62Á78 45Á95  48Á80  52Á33  59Á00  56Á64  63Á44  TiO 2  0Á22  0Á14  0Á20  0Á16  0Á08  0Á16  0Á15  0Á54  0Á09  0Á10  0Á19  1Á20  0Á76  0Á24  Al 2 O 3  25Á98 25Á95  26Á94  28Á53  27Á16  28Á83  26Á32  19Á00 31Á23  30Á79  29Á33  23Á29  21Á24  21Á19  FeO  0Á32  0Á23  0Á14  0Á46  0Á23  0Á27  0Á37  0Á77  0Á42  0Á82  0Á62  1Á15  1Á01  MnO  0Á00  0Á00  0Á00  0Á00  0Á01  0Á00  0Á00  0Á00  0Á02  0Á00  0Á00  0Á01  0Á05  MgO  0Á03  0Á49  0Á04  0Á05  0Á04  0Á05  0Á01  0Á47  0Á03  0Á14  0Á03  0Á47  0Á49  CaO  8Á40  8Á76  7Á95  9Á85  9Á02  10Á55  7Á24  1Á60  1Á45  3Á37  1Á61  0Á61 
KFs, K feldspar; s.t. Cpx, sieved textured clinopyroxene.
parts of the dome it includes cooling and emplacement in addition to transport. Apart from the analytical errors, shown in Table 13 , and those that could arise from the absence of olivine orientation data, several other parameters may strongly influence the results, as discussed in detail by Klü gel (1998), Shaw (2004) and Costa et al. (2008) . For our calculations the most important sources of error could be the following: (1) incorrect choice of temperature and fO 2 ; (2) assumption of fixed temperature; (3) choice of rim composition. Shaw (2004) estimated that a decrease of temperature by 50 C or fO 2 by two log units halves the diffusion rate. The assumption of a fixed rim composition also has a similar effect (Klü gel, 1998) . We have already demonstrated that the crystallization interval in the HCG is probably >200
C. In addition, there is clear evidence of compositional change of the crystallizing host basanites during diffusion (e.g. decreasing CaO in the outermost part of the profile; samples KA99-2, KA27, KA31 and KA99-6). Therefore, estimated residence times, particularly for the dome interior, are probably close to minimum. The maximum times, however, are unlikely to be much longer than a factor of 10, which includes diffusion anisotropy and temperature effects.
Origin of melt pockets
Mechanisms responsible for the origin of melt pockets include decompression melting of mantle minerals either in the mantle (Liang & Elthon, 1990; Siena & Coltorti, 1993; Ionov et al., 1994; Carpenter et al., 2002; Cvetkovi c et al., 2004; Su et al., 2010) or during transport (Tracy, 1980; Francis, 1987; Shaw & Edgar, 1997; Scambelluri et al., 2009) , partial melting because of heating from the host basalt (Ban et al., 2005; Shaw et al., 2006; Bali et al., 2008) or infiltration of the host magma during entrainment and transport (Shaw et al., 2006; Puziewicz et al., 2011; Miller et al., 2012) . As demonstrated above, most mineral reactions in the Moesian Platform xenoliths occurred close to the surface, which implies that decompression melting probably played a minor role in the generation of melt pockets. However, this process may account for the fracturing and veining of some xenoliths, thus facilitating the infiltration of fluid and melt. Instead, the correlation of the size and composition of the reaction features with the groundmass texture is in accord with in situ partial melting owing to heating and continuous reaction with the host melt and fluid close to the surface. Above we showed that the temperature of the basanitic magma at the time of entrainment of the xenoliths was 450-150 C higher Host rock groundmass abbreviations as in Table 3 . Thermometers: TWB, Wood & Banno (1973) ; TW, Wells (1977) ; TBK, Brey & Kö hler (1990) ; TP, Putirka [2008, equation (36) ]. Geobarometer: PP, Putirka [2008, equation (38) ]. DQFM fO 2 is oxygen fugacity of Ballhaus et al. (1991) .
than the estimated equilibrium temperatures of the xenoliths. Such a temperature difference, even when combined with decompression, produced in the FGG only small reaction zones in the orthopyroxene and spinel, predominantly at the contact of the xenoliths, and thin 15-40 lm low-Al and low-Na rims around clinopyroxene. During the short reaction time, the early infiltrated fluid and melt in the FGG-hosted xenoliths were able to exchange elements with high-Mg, high-Cr minerals, thus producing pocket minerals (olivine, clinopyroxene, phlogopite) compositionally similar to the main xenolith phases. The presence of phlogopite as the only phase in the thinnest veins (e.g. Fig. 11h ) or its preferential location at the rims of the larger veinlets ( Fig. 4e ) implies a major role for fluids during the initial stage of interaction between basanite and the xenoliths. Prolonged cooling of the dome interior (MGG and HCG facies), probably assisted by crystallization of groundmass minerals, resulted in continuous infiltration of basanitic melt and fluids into the xenoliths and crystallization of compositionally variable pocket and vein minerals (e.g. phlogopite and clinopyroxene), accompanied by plagioclase and K-feldspar. The gradual shift of the composition of these minerals closer to those of the rims of the phenocrysts and microlites, exemplified by the variations in the clinopyroxene (Fig. 12) , implies diffusional exchange between the xenolith minerals and percolating, evolving basanite melt, a process recently called 'fractionation-reactive percolation' (Ionov & Bé nard, 2013) .
Depletion and enrichment of the clinopyroxene
To explain the large compositional variations in clinopyroxenes in mantle xenoliths worldwide, such as those seen in xenoliths from Kamuka and Chatala, most researchers have suggested a two-stage partial melting and metasomatic reaction history (e.g. Frey & Green, 1974; Gré goire et al., 2009) . Such a scenario can also be adopted for the studied xenoliths. On the basis of variations of major (Al 2 O 3 , CaO, TiO 2 ) and trace (Ni, Sc and V) elements vs MgO in the mantle xenoliths from the Moesian Platform, Vaselli et al. (1997) suggested that they had experienced extraction of mafic melts at different degrees of partial melting. Variations in the major elements and the compositions of the silicate phases and spinel from the current study confirm such an interpretation. The least reacted xenoliths from the quickly cooled outer parts of the domes could be interpreted as the best estimates of the composition of the subcontinental mantle under the Moesian Platform. These xenoliths were brought to the surface very rapidly (1-3 days) and contain only LREE-depleted clinopyroxenes, suggesting that the local lithospheric mantle is composed of depleted peridotites. Previously, based on considerably less depleted peridotite xenoliths in the Late Cretaceous-Palaeocene basalts of East Serbia, located 200 km west of the study area, Cvetkovi c et al. (2004, 2010) concluded that lithospheric mantle underneath this region is more depleted than normal European lithosphere. Partial preservation of the MREE-LREE slope in clinopyroxene from the xenoliths in the MGG and HCG hosts (e.g. samples CH13, CH15, CH99-3, KA6A, K30 and KA99-2) also confirms their initial depleted nature. Modelling of partial melting of FGGhosted xenoliths using the Cr# of spinel (Hellebrand et al., 2001 ) yields only small degrees of partial melting in the range 2Á8-4Á5%.
The calculations for MGG-and HCG-hosted xenoliths show higher percentages of partial melting with much larger variations: 5Á7-16Á9% and 4Á6-13Á8%, respectively. However, we consider this increase to be unrealistic, because, as we have shown above, it is the result of chemical and thermal changes in the spinel during interaction with the host melt. The concave-upward (spoon-like) and steep LREE to HREE patterns of most clinopyroxenes in the xenoliths in these zones have been interpreted by many researchers as reflecting later enrichment processes, usually related to metasomatism by mafic silicate or carbonate melts, or both. Modelling by Navon & Stolper (1987) , Bodinier et al. (1990) , Takazawa et al. (1992) and Ionov et al. (2002) has convincingly demonstrated that the only process that can explain such patterns is chromatographic fractionation. Ionov et al. (2002) have shown that the observed variations in Spitsbergen mantle xenoliths can be explained by interaction of peridotitic residues with LREEenriched mafic silicate melts that contain CO 2 . Modelling of chromatographic enrichment could explain the entire variations in REE and Sr of the Spitsbergen xenoliths. In contrast, Navon & Stolper (1987) , Bodinier et al. (1990) and Takazawa et al. (1992) explained similar REE patterns by chromatographic, percolation-controlled metasomatism, directly related to infiltration of alkali basalt. An ocean island basalt (OIB)-like alkaline silicate melt has also been proposed Time scales in FGG calculated at 1200 C; in MGG and HGG at 1175 C; DNNO ¼ -0Á7 (about QFM) oxygen fugacity conditions. Error reflects the error of the data and the possible fits that include at least 75% of the single analyses in the profile. Host rock groundmass abbreviations as in Table 3. by many other workers as a metasomatic agent for peridotite xenoliths (Beccaluva et al., 2007; Kil, 2007; Gré goire et al., 2009) . Calculations made by these researchers using clinopyroxene/basanite partition coefficients show that the most LREE-enriched clinopyroxenes are in equilibrium with the host basalts, although they also suggest some enrichment of such melts with carbonatitic components. The general conclusion of all these researchers, however, is that the enrichment was not caused by the host basaltic melt, but by a similar melt within the mantle that preceded the entrainment of the xenoliths in the host basalts.
In contrast, we argue that metasomatic reaction between the host basanite and clinopyroxene can explain the compositional difference between depleted and enriched clinopyroxenes. This conclusion is in good agreement with the geochemical signatures of the enriched clinopyroxenes, which require involvement of fluid or melt enriched in Sr, Ba, Rb, Nb, Zr, Hf, Th, U and LREE, but low in HREE, chemical characteristics entirely corresponding to the composition of the host basanites.
To test this, we compare the trace element composition of liquids in equilibrium with the most enriched clinopyroxenes of samples CH13, CH15, KA32, KA97-0 and KA97-2 and the Ti-enriched patchy zoned clinopyroxene (second type reaction) of sample CH33 with that of the host basanites (Fig. 14) . The melt composition was calculated using crystal-melt partition coefficients (D cpx/ basanite ) from Adam & Green (2003) . It is known that D cpx are controlled by temperature, pressure and bulk chemistry. To evaluate the effects of temperature and pressure we used two sets of experimental D cpx/basanite : one for lower pressure (P ¼ 0Á5 GPa) and lower temperature (1025 C) and one for higher pressure (P ¼ 1Á5 GPa) and higher temperature (1050 C). These conditions are not comparable with the temperature and pressure of final emplacement of the host basanitic magma and, therefore, they are only approximate. Calculated values for the melt using lower pressure D cpx/basanite show an excellent match for LREE and HREE (La, Ce, Lu, Yb), Sr and partly for Th, with the sieve zones of KA97-2 and KA97-0 showing the best match. The MREE (Sm, Ho) and HFSE (Nb, Ta, Zr, Hf, Ti) are approximately an order of magnitude lower; however, they better match the compositions of the basanites calculated with the higher pressure and higher temperature D cpx . Melts in equilibrium with Ti-enriched, patchy zoned clinopyroxene show a better match with higher pressure and higher temperature D cpx/basanite . The results of these calculations show a pronounced affinity of the enriched clinopyroxenes with the host basanite melt, suggesting that it was the most probable metasomatic agent. The observed differences between the elements can be explained by their different diffusivity: much faster for fluid-compatible LREE, Sr and U, and slower for HFSE. Fluid-mobile elements were exsolved within a fluid phase from the Sr-and LREEenriched, high-temperature basanitic magma during a drop of pressure and crystallization at the surface.
Additional enrichment in Sr and LREE in the fluid and melt might have been caused by the early crystallization of olivine. The fluid penetrated the xenoliths through fractures and grain boundaries, which is evident from the presence of phlogopite in the veins and from chemical analyses across the fractures. The interaction occurred most probably through the mechanism of diffusive infiltration. The degree of interaction of the minerals depends on the access of fluids and melts in different parts of the xenoliths, which easily explains the large inter-and intra-grain variations of the most mobile elements in the crystals of a single xenolith. The time necessary for the interaction was comparatively short. Our time calculations from the olivine diffusion profiles in the dome interior suggest that equilibrium of LREE and Sr may have been accomplished within a few months or years, provided that fluid and melt had access to the xenolith interior. Similar conclusions were reached by Schmidberger et al. (2003) on the basis of Sr isotope heterogeneity in xenoliths from Nikos, Canada. This time is much shorter than that suggested by other researchers (e.g. Beccaluva et al., 2001) . Further evidence for reaction between xenolith clinopyroxene and the host basanite comes from the comparison of trace element abundances in sieve-textured rims and in the cores of the enriched clinopyroxenes. The concentrations of LREE, Sr, Th, U and, particularly, Ba and Rb in the sieve-textured rims are markedly increased compared with their cores, which is most probably the result of their different modes of formation. According to Shaw et al. (2006) and Shaw & Dingwell (2008) , sieve-textured zones in clinopyroxene can result from incongruent dissolution followed by growth of secondary clinopyroxene. The newly formed sieved clinopyroxene is depleted in Na and Al, and enriched in Ca, compositions that are similar to those obtained in the experiments of Mysen & Boettcher (1975) and Hirose & Kawamoto (1995) during partial melting of peridotite. The later growth of the secondary clinopyroxene most probably involves elements from the penetrating fluids and melts, part of which was entrapped in melt inclusions. This is confirmed by a 40 lm LA-ICP-MS analysis, which includes an $ 25 lm melt inclusion (Table 7 , CH33 M.I.). A rough estimation of the contents of some of these elements in the entrapped melt yields Sr $350-400 ppm, La 15-20 ppm, Nb 15-20 ppm, Pb and Th $1Á5 ppm, and very high concentrations of Ba of $400 ppm and Rb of $30 ppm. Thus, our analyses show that, during diffusion and sieve texturing, there is a strong enrichment from the host basanite.
Location of the Ti-enriched zones and patchy clinopyroxenes mostly in the HCG and their textural relationship with the sieve zones suggest that they formed during late-stage crystallization of the dome interior, during crystallization of Ti-rich pheno-and microphenocrysts. Their lower abundances of Sr and LREE compared with the most enriched cores and sieve zones indicate that the reactive melt was also depleted as the result of plagioclase crystallization. This can explain the absence of equilibration of these zones with the bulkrock basanite compositions. The Ti-enriched sieve zones of KA97-0 and lower LREE and Sr sieve zones of KA97-2 seem to be the result of re-equilibration with a highly evolved depleted basanitic melt, which agrees with the lower contents of these elements in the pocket plagioclase in this sample (Table 6 ). The same mechanism is also responsible for the formation of the Ti-Cr magnetite compositions of the spinel in contact with the host basalt.
Role of fracturing and veining in the degree of reaction Shaw & Dingwell (2008) suggested that the degree of interaction between the xenoliths and their host melt can be controlled by (1) the ascent rate of the host magma,(2) its degree of undersaturation and (3) the absence of orthopyroxene in the xenoliths. Although these explanations can be applied in many cases, the absence of reactions in xenoliths containing orthopyroxene and those residing for weeks or months in the undersaturated host magma is not easy to explain. Above, we demonstrated that the permeability of the xenoliths is of critical importance for the reaction to take place and is controlled by the degree of fracturing and veining of the xenoliths. Our observations confirm that the degree of fracturing and veining is the major difference between reacted and unreacted xenoliths. Factors controlling the origin of the fractures will be discussed in more detail below. As a rule, the interiors of the rare, less fractured xenoliths in the MGG and HCG are better insulated from infiltration of melt and fluid, protecting the minerals from interaction with the host basanite. Thus, although crystals in contact with the host magma show stronger interaction, crystals in the interior are compositionally similar to those of the depleted xenoliths. It is important to point out, however, that except for some totally armoured crystals, all clinopyroxene crystals in the xenoliths from the dome interior were reset to some extent. Usually, this is reflected in slight enrichment of the most rapidly diffusing elements such as Sr, La and Ce, most probably caused by fluid percolation along the contact of minerals.
The role of tectonics in magma origin and fracturing of the xenoliths Understanding the type and origin of Moesian Platform volcanism is critical for the explanation of the mechanism of xenolith fragmentation, entrainment, transport to the surface and absence of modification of the xenoliths in the quickly crystallized part of the domes. Fracturecontrolled alignment of the magmatic bodies suggests that they were related to decompression melting caused by right-lateral strike-slip faulting (Fig. 1) . This caused generation of the primitive, OIB-like host basanitic lavas by very small degrees partial melting of a garnet-bearing mantle source (Marchev et al., 1992) , whereas the systematic symmetric decrease in volume of the erupted magma and trace element variations from the largest central dome Kamuka toward the dykes at the end of the fault suggest a decrease in the degree of partial melting, related to more opening of the central part of the fracture. Symmetrically decreasing volumes of erupted magma and effusion rate can easily explain variations in the size and quantity of xenoliths in the domes and their complete disappearance in the dykes.
Initial fracturing of the lithospheric mantle was caused by the same process of strike-slip faulting that produced the basaltic melts. Rising magma entrained the mantle fragments and caused their further fragmentation. The process may have been enhanced by hydraulic fracturing, volatile release (Wilshire & Kirby, 1989) and thermal stresses (Klü gel, 1998; Shaw & Dingwell, 2008) . Klü gel (1998) pointed out a number of other processes that can cause additional cracking and microcracking in the xenoliths; these include anisotropic elastic properties of the xenolith minerals, foliation of the xenoliths, and stress concentration around fluid inclusions and vesicles.
Mineral barometry calculations (Table 12) show that xenoliths originated from a wide depth interval (33-60 km) . This means that they travelled different distances to the surface and thus that the factors controlling fracturing will act for different lengths of time and at different pressures. We can speculate that the stronger fracturing, larger reaction zones and Sr, La and Ce enrichment of the clinopyroxene rims of the higher pressure spinel lherzolite CH59 are the result of being entrained from a deeper level than the other FGGhosted xenoliths.
Comparison of xenolith reactions between voluminous and small-scale basaltic magma systems
The detailed studies of Klü gel (1998) and WulffPedersen et al. (1996 WulffPedersen et al. ( , 1999 on reaction phenomena in mantle xenoliths from La Palma, Canary Islands, are an example of such processes in a large voluminous magma system, which can be compared with those in the small-volume system of the Moesian Platform. The most striking difference between the two systems is the longevity of the reactions. Calculations by Klü gel (1998) showed that mineralogical and chemical modification of the La Palma xenoliths occurred at depth during prolonged contact between the xenoliths and the host magma, which lasted for $83 years. For the same xenoliths, Wulff-Pedersen et al. (1996) obtained a time of $600 years, almost an order of magnitude longer. Based on his calculations, Klü gel (1998) proposed a complex, multi-stage, magma ascent model, which included rupturing of mantle rocks by the ascending magma, entrainment and decades of residence of the xenoliths in a mantle magma storage reservoir, accompanied by pervasive recrystallization and partial melting of the xenolith minerals. This period was followed by multi-batch magma transport and residence for 6 years in a crustal (7-11 km) magma chamber, accompanied by continuation of the diffusion processes. The final transport to the surface took about 4 days.
ur study of the xenoliths in the small-volume basaltic magma system in the Moesian Platform yields a simpler model for the origin and reaction history of the xenoliths. We infer that the generation of the magma and fracturing of the mantle rocks in the surroundings of the conduits are the result of a single process. The time gap from melt formation to its ascent and eruption was probably comparatively short. Because of their small volumes and rapid ascent to the surface, these magmas did not form large magma chambers. Such a conclusion is supported by the primitive composition and relative homogeneity of the erupted basanites, indicating the absence of long residence of the magma and differentiation in crustal reservoirs. For the same reasons, small-volume magmas have limited thermal capacity and did not cause partial melting and/or metasomatic reaction in the surrounding mantle rocks. The absence of metasomatic reactions in the xenoliths in the FGG strongly supports the interpretation that the magmas ascended relatively quickly (1-3 days) from their source regions, with little if any interaction with lithospheric mantle rocks. The same process caused fracturing of the lithospheric mantle, facilitating entrainment of the xenoliths into the rising magma. Further reactions continued near the surface during cooling of the magma, with the degree of reaction depending on the xenolith's position within the domes.
Inferences for the interpretation of geochemical data for mantle xenoliths Our study shows that extreme caution has to be taken in the interpretation of metasomatic reactions in peridotite xenoliths as a mantle event, a conclusion previously reached by Klü gel (1998). This is not to say that mantle metasomatism does not exist. It has been convincingly demonstrated in some cases with the introduction of water-bearing minerals (e.g. Germany; Witt-Eickschen, 1993; Witt-Eickschen & Kramm, 1997) . However, we demonstrate that large, near-surface magma bodies have a strong potential for modification of the mineral and chemical composition of entrained mantle xenoliths. Small xenoliths and those hosted in coarse-grained groundmasses (HCG) are likely to be most affected. However, xenoliths hosted in glassy or fine-grained groundmass (FGG) material, or those in pyroclastic rocks, have not necessarily avoided resetting. Potentially the most susceptible are those in phenocryst-rich host rocks, which most probably experienced prolonged crystallization and residence in crustal magma chambers before eruption. A good example of such an influence is the xenolith suite from La Palma, as noted by WulffPedersen et al. (1996 WulffPedersen et al. ( , 1999 and Klü gel (1998), although the former researchers assumed that the veins and reactions they observed were the result of mantle metasomatism. Only xenoliths transported very quickly (within a few days) are suitable for the study of their preentrainment composition. Therefore, we recommend any interpretation of geochemical data to be preceded by very careful petrographic examination of the xenoliths and their relationship with their host rocks, as well as the type of magmatic activity.
CONCLUSIONS
1. Peridotite xenoliths from the Moesian Platform were transported to the surface by small-volume, basanitic magmas emplaced as volcanic domes. Both magma generation and the initial fracturing of the protolith of the xenoliths were the result of the same process of decompression melting induced by rightlateral strike-slip faulting. Additional fracturing and cracking of the xenoliths may have been caused by the magma, volatile release and thermal effects during transport to the surface. 2. Unreacted peridotite xenoliths from the fine-grained carapaces of the Kamuka and Chatala domes are derived from depleted subcontinental lithospheric mantle. The original composition of the xenoliths is probably the result of low (2-5%) degrees of melting of fertile mantle. 3. The large textural and mineralogical modifications and major and trace element variations in the xenoliths are the result of different interaction times with their host basanites during their transport and cooling at near-surface conditions. The minimal reactions in the dome carapace (restricted to smaller harzburgite and dunite and fractured xenoliths) indicate direct transport from the site of entrainment to the surface without stagnation of the host magma in mantle or crustal reservoirs. 4. Calculated cation diffusion times in olivine indicate 1-3 days transport time and interaction with the host magma of the xenoliths in the dome carapace and significantly longer times of about 1-2 years for the xenoliths from the dome interior. 5. The long residence time of the xenoliths at high temperature (1250-1000 C) in the slowly cooling cores of the large domes resulted in variable mineralogical and chemical modification of the xenoliths. The melt and fluid reacted with variably fractured xenoliths, producing partial or total resetting of their Sr and LREE contents and a range of trace element signatures. We attribute this modification to the high diffusion rate of fluid-mobile elements in the core of clinopyroxene and dissolution and regrowth in the sieve-textured zones. 6. There are major differences between xenolith reactions in voluminous and small-volume magma systems. Xenoliths in voluminous systems originated by hydraulic fracturing of peridotite wall-rock by the ascending magmas and exsolved fluids. Reactions in these systems occur at depth, during long residence in multiple magma chambers. Small-volume basaltic systems, related to local tectonic events, do not form large magma chambers. The entrained xenoliths are the result of the same tectonic event and rapid transport to the surface. As a result, reactions occur mostly during cooling near the surface in the larger domes and lava flows and to a lesser extent during rapid transport. 7. Our study raises a fundamental question about the interpretations of metasomatic phenomena and, particularly, interpretations of trace elements in the constituent minerals of the xenoliths. So-called 'metasomatic' textures can be formed in crustal magma chambers (Klü gel, 1998) or during magma transport (Shaw & Dingwell, 2008) , and during the surface or near-surface cooling of large lava flows, domes and dikes, as shown in this study. As a consequence, we introduce the term 'host basalt metasomatism' when the metasomatic events are not directly associated with processes that occur at mantle depths, but are related to the thermal history of the cooling magma once it has reached the surface.
